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Warmth accelerates the rate of grain growth in wheat, but the tempera-
ture coefficient expressed as Q1Q decreases gradually between 10 and 25°C. 
The rate of protein deposition responds more to temperature than the t o t a l 
grain dry matter accumulation rate . Warmth shortens the pos t - f lora l phase 
in cereals. The relation can be approximated by a direct log- l inear re la -
tionship between temperature and duration, or by a heat sum above a minimum 
temperature. The proportion of the final amount of nitrogen in the shoot 
taken up by the roots after anthesis declines upon increase in the concen-
tration of nitrogen in shoot dry matter at anthesis. The component shoot 
organs contribute to the total amount of nitrogen relocated from the shoot 
to the grains in amounts proportional to the amounts of nitrogen present in 
these organs at anthesis. Instantaneous effects of change in temperature on 
the apparent photosynthesis rate per plant were small. Differences in appa-
rent photosynthesis per plant, which developed in time between temperature 
treatments or nitrogen treatments, were primarily a t t r ibutable to the impact 
of these factors on the rate of leaf senescence. Measured respira t ion rates 
were compared with theoretically expected ra tes . There was agreement between 
calculated and observed growth respiration of grains. Measured respi ra t ion 
rates of non-grain organs (respiration related with maintenance and transport 
mainly) were considerably greater than theoret ical ly expected r a t e s , espe-
cially in roots. A dynamic simulation model is presented that describes and 
interrelates post-floral gross photosynthesis, respirat ion, grain growth, 
uptake and redistribution of nitrogen, and leaf senescence. According to 
model predictions final grain yield in the field (for Dutch climate and 
crop management) decreases by 30-40 g-m per degree centigrade r i se in 
temperature throughout grain f i l l ing (other input data fixed). This adverse 
effect of temperature can be offset by a concomitant increase in daily 
radiation of 130-180 J-cm -d (PhAR). Yield differences between crops that 
differ in amount of shoot nitrogen at anthesis only are predicted to be 
15-20%. v 
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Stellingen 
1. De effekten van temperatuur en straling op de opbrengst van tarwe 
zijn niet interactief in de statistische betekenis van het woord, doch 
veeleer additief. 
J.H.J. Spiertz, 1978. Agric. Res. Rep. no. 881. 
Dit proefschrift. 
2. De stikstofhuishouding van tarwe gedurende de korrelvullingsfase 
kan op tamelijk bevredigende wijze in model worden gebracht. 
Dit proefschrift. 
3. Snellere gemeten dan berekende koolzuurgasafgiften van niet-groei-
ende vegetatieve delen van de tarweplant wijzen erop dat de in de be-
rekeningen gebruikte coëfficiënten voor de energiebehoeften van onder-
houd en transportprocessen onvoldoende nauwkeurig zijn of dat de kool-




4. De betekenis van morfologische of fysiologische plantkenmerken 
voor de opbrengst kan veelal niet uit rassenvergelijkingen worden af-
geleid; het vergelijken van tamelijk isogene lijnen die variatie ver-
tonen in de te bestuderen eigenschap biedt daartoe meer perspectief. 
5. Naast simulatiemodellen komen statistische modellen en wellicht 
ook waarnemingen via remote sensing in aanmerking als methoden om er 
regionale opbrengstverwachtingen van gewassen mee te berekenen. 
6. Bij hormonale invloeden op de verdeling van assimilaten binnen de 
plant dient onderscheid te worden gemaakt tussen invloeden op de aan-
leg en op de uitgroei van organen. 
R. Sharif en J.E. Dale, 1980. J. exp. Bot. 31 (123): 921-930. 
D.G.A. Walkey en K.A. Matthews, 1979. PI. Sei. Lett. 14: 287-290. 
7. De lagere opbrengsten van aardappelen die waargenomen worden bij 
hoge teeltfrequentie van dit gewas, vooral als suikerbieten de voor-
vrucht vormen, worden mogelijk mede door een abiotische faktor veroor-
zaakt. 
O. Hoekstra, 1981. 15 jaar "De Schreef". PAGV, Lelystad. 
Publ. no. 11. 
8. De omvang van de benodigde faciliteiten en de exploitatiekosten 
van een genenbank worden door de Werkgroep Genenbank Wageningen over-
schat omdat men het gemiddelde regeneratie-interval van zaden die bij 
-20 °C worden bewaard aanzienlijk onderschat. 
Genenbank Nederland. Nota van de Werkgroep Genenbank Wageningen, 
1979. 
9. Weefsels van vegatatief vermeerderde planten kunnen bij -196 °C 
langdurig worden bewaard in een genenbank. 
Lyndsey A. Withers, 1980. Tissue culture storage for genetic 
conservation. IBPGR Report. FAO, Rome. 
10. Groeikrachttoetsen ("vigour"-toetsen) van kiemende zaden kunnen 
helpen om standdichtheidsverschillen te verkleinen; deze toetsen bie-
den echter geen perspectief om tot een regelmatiger plantverdeling te 
komen. 
11. Het feit dat het in publicaties vermelde zeer compacte cijferma-
teriaal zich veelal niet leent tot verdere bewerking onderstreept de 
wenselijkheid van databanken voor opslag van proefuitkomsten. 
12. Mede door wetenschapsontwikkeling is de emanciperende strekking 
van oud-testamentische verhalen opnieuw duidelijk geworden. 
13. De opvatting "een Drent is gewrocht uit turf, jenever en achter-
docht" gaat voorbij aan de ontwrichtende uitwerking die invloeden van 
buitenaf hebben gehad op de Drentse samenleving in de 18e en 19e eeuw. 
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The original aim of the present study was to analyse the phenomenon of 
'senescence' and the process of 'ageing' in wheat. Studies by Spiertz (1974, 
1977) on temperature effects on grain filling showed the need to be better 
informed about the genetic and environmental variation of senescence of 
vegetative parts. In a first experiment it was therefore attempted to estab-
lish interrelations between photosynthetic capacity and several chemical 
constituents of the flag leaf of wheat as affected by air and root tempera-
ture. From the results of this experiment and from literature studies it was 
concluded that a more general picture should be drawn up of the impacts of 
temperature and nitrogen dressings on the carbohydrate and nitrogen economy 
of wheat in the grain-filling stage. Thus, in subsequent experiments a com-
prehensive plant physiological approach was adopted, with temperature and 
nitrogen supply as the main environmental factors under investigation. 
In order to be able to throw more light on the dynamics of production 
and utilization of substrates during the grain-filling stage, four main ty-
pes of measurements were carried out in different experimental systems of 
spring wheat. These were: 
1. the 'classical', periodical analyses of growth: change with time in green 
leaf area and in dry weight per organ, 
2. recordings of the carbon-exchange rates in the light and in the dark, 
3. analyses of the quantities of non-structural, water-soluble carbohydra-
tes (WSC), 
4. analyses of uptake and redistribution of nitrogen. 
As the experiments proceeded and data became available for interpreta-
tion and for comparison with literature, the need was felt to set up a 
framework of relations. The construction of a dynamic simulation model seem-
ed to be the answer. In general, modelling is of value for two main reasons: 
1- It provides a convenient way to integrate and interrelate data of diver-
se nature. Even more important is the fact that a model can be used to test 
the interpretation which is given to experimental results. 
2. If successful, a model opens the opportunity to extrapolate beyond the 
range of conditions covered by the experiments. This is in particular valu-
able when temperature effects are studied, since the controlled environmental 
conditions which have to be used differ in many respects from field condi-
tions. 
Already during the course of the present study, the following coherent 
picture emerged from literature dealing with the effects of temperature 
(sometimes in combination with radiation) on grain growth in cereals: 
Warmth (initially) enhances the kernel growth rate, but the accelerating 
effect seems to level off at temperatures above about 20°C to 25°C. Warmth 
also reduces the length of the grain-filling period. Radiation, or photo-
synthate supply, seems to be a modifying factor, affecting the degree and 
the duration of the temperature acceleration of the kernel growth rate. 
Thus, with respect to final yield, there seems to be an interaction between 
temperature and radiation. Furthermore, it appears that the nitrogen 
concentration in the kernels tends to be higher the higher the temperature. 
Relevant studies supporting this proposition are those by Wardlaw (1970), 
Sofield et al. (1974), Sofield et al. (1977a), Spiertz (1974, 1977). Ford & 
Thome (1975), Ford et al. (1976) and Warrington et al. (1977), all with 
wheat; Andersen et al. (1978) for barley; and Chowdhury & Wardlaw, 1978 for 
wheat, rice and sorghum. 
In order to reach further than already existing knowledge, and for model-
ling purposes, it became clear that the data should be evaluated to obtain: 
1. a quantitative relationship between temperature and the duration of grain 
filling, 
2. a quantitative relationship between temperature and the intrinsic or 
potential accumulation rate of non-protein components in the grains at non-
limiting carbohydrate supply, 
3. a quantitative relationship between temperature and the intrinsic or 
potential rate of protein accumulation in the grains. 
A substantial part of this publication is devoted to the establishment 
of these relationships. This report will also treat (with special reference 
to treatment effects): 
4. the distribution of dry matter and nitrogen at anthesis, 
5. photosynthesis and respiration, 
6. the contribution of various sources to grain nitrogen yield. 
The effects of pests, diseases and water stress are not considered in this 
report. 
2 Materials and methods 
2.1 ARRANGEMENT OF EXPERIMENTS 
The aim of the first experiment was to study temperature effects on sev-
eral parameters for ageing of the flag leaf.- Plants were grown on a nutrient 
solution (hydroponic) in a controlled environment (phytotron). The cultivar 
used was 'Yecora'. Until one week after anthesis, air and nutrient temperatu-
res were kept at 15°C. Afterwards several combinations of air and nutrient 
temperatures were imposed, viz. 25/15, 20/15, 20/20, 20/15 and 20/10 (air/ 
nutrient temperature in °C). From one week after anthesis onwards the fol-
lowing measurements were made at weekly intervals: rating of green area, 
recordings of net photosynthetic capacity at saturating irradiance (pmax)» 
analyses of the contents of. chlorophyll a + b, total nitrogen, nitrate and 
soluble protein. The objectives of Expt I were different from those of sub-
sequent experiments and its description is included only because some re-
sults were useful within context of the main study. 
In subsequent experiments, Expts II-VI, temperature and/or nitrogen ef-
fects were studied on crop performance during grain filling. The most rele-
vant experimental conditions are summarized in Table 1. The following de-
tails are given in addition to this table: In all experiments graded seeds 
were used that were desinfected before planting. Anthesis was taken to be 
reached when at least 50% of the ears showed anthers on most of their spi-
kelets. 
In Expt II (cv. Bastion) plants were grown on a nutrient culture (hydro-
ponics; see for technical details Subsection 2.3.1.). Fresh solutions, based 
on Hoagland plus micro-elements, were supplied about once a month, to make 
sure that nutrients were always in abundant supply. Twice weekly, pH was ad-
justed to 5.5. Also twice a week approximately 1.5 mg FeSO. was added per 
liter of culture solution, because cereals do not readily absorb Fe from 
a nutrient solution (pers. comm. ing. A.A. Steiner, Centre for Agrobiologi-
cal Reserach, Wageningen and the late Dr F. van Egmond, Dept. of Plant 
Nutrition, Agric. Univ. of Wageningen). All side tillers but one were remov-
ed at growth stage Feekes 10; thus in Expt II one plant consisted of the 
main axis and one side tiller plus their common root system. Subsequent re-
growth of side tillers was only limited. Day length was gradually extended 
from 8 hours at planting to 16 hours at growth stage F7 to F8. The tempera-
ture of the nutrient solution was maintained at 15°C throughout the growth 
period for each treatment. Air temperature was kept at 15°C until 8 days 
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plants; the next day air temperature of one of the 20°C groups was raised 
further to 25°C. Thus three temperature treatments were created: 15/15, 
20/15 and 25/15 (air/nutrient temperature in °C). 
These treatments will be referred to by: Expt II 15, II 20 and II 25, 
respectively. 
The plants in experiment III (cv. Adonis) were sown in 5 litre plastic 
pots on 19 August 1976. The pots contained a sterilized mixture of sand 
and peaty substrate. The pots were placed in a naturally-lit greenhouse; 
when natural light became limiting (early October), additional light was 
supplied by 400 Watt HPL lamps (one lamp per four pots). From planting on-
wards, day length was gradually extended from 8 to 16 hours, as described 
for Expt II. 
Until growth stage Feekes 6-7, all pots were given equal amounts of nu-
trients (Hoagland plus micro-elements; dosings about once per 2 to 3 weeks). 
Next, three levels of nitrogen fertilization were imposed by varying the 
quantities of nitrogen supplied in subsequent dosings. Dosings were dis-
continued at ear emergence. Then, in total, 66, 133 and 200 mg nitrogen was 
given per plant in the Nl, N2 and N3 treatments, respectively. 
Until 6 days after anthesis temperature was kept at 16°C. Then half of 
plants were transferred from 16°C to 22°C. Thus six treatments were created; 
these will be abbreviated by Expt III Nl-16 (lowest nitrogen dressing, 16°C) 
through Expt III N3-22 (highest nitrogen dressing, 22°C). 
At growth stage Feekes 10.5, all side tillers were removed. Thus a plant 
consisted of the main axis only in Expt III. A vigorous regrowth of tillers 
occurred in the respective N2 and N3 treatments at both temperatures, no 
regrowth appeared at the lowest level of nitrogen nutrition. During kernel 
filling all regrown tillers were excised regularly for the determination of 
their dry weight and nitrogen contents. The arrangement of pots did not al-
low analyses to be made with unit ground area as a reference basis. 
In Expt IV (cv. Adonis) the same experimental set up was used as in 
Expt II, though it was modified at some points. Excision of all side til-
lers but one was carried out earlier than in Expt II, viz. at growth stage 
Feekes 3. Regrowth of side tillers was negligible and ended completely after 
stem extension. Thus, as in Expt II, one plant consisted of a main axis and 
one side tiller plus their common root. Another major difference with Expt 
II was, that the basic nutrient solution lacked nitrogen (see Schrobb 1951, 
p. 154, for composition). Nitrogen was added in small quantities twice a 
week, in the form of calcium or potassium nitrate (less than 1 mg N added 
per culm per day). Nitrogen supply was regulated in order to prevent exces-
sive tillering. Until anthesis the tanks were cleaned out about once per 4 
to 6 weeks. Adjustment of pH and addition of FeS04 were similar as described 
for Expt II. Day length was gradually extended from an initial 8 hours to 
16 hours at growth stage Feekes 7. 
The nutrient temperature was maintained at 16°C throughout the growth pe-
riod for all treatments. Air temperature was 16°C, but on three occasions 
after anthesis a group of plants was transferred to 22°C, thus creating four 
treatments. These will be referred to by: Expt IV A16, the standard popu-
lation, kept at 16°C throughout the experiment; Expt IV B22, transferred 
to 22°C air temperature at 6 days after anthesis; Expt IV C22, transfer at 
17 days after anthesis; and Expt IV D22, transfer to 22°C air temperature 
at 24 days after anthesis. The first samplings in Expts IV B22 through D22 
took place on the third day after transfer from 16° to 22°C air temperature. 
Plants in Expt VA (cv. Adonis) were sown in pots outdoors on 4 March 
1977; pots and growth medium were similar to the ones described in Expt III. 
After full emergence, plant numbers were reduced to 18 per pot and the pots 
were arranged to form a closed canopy. The outer pots were not used in the 
experiment but served as guard rows; at first one row, later two. At growth 
stage F3 all side tillers were removed. Regrowth of tillers stopped com-
pletely at early stem extension. Thus one plant consisted of the main axis 
only in Expt VA. Nutrients (Hoagland plus micro-elements) were given at equal 
rates in all pots until growth stage F7 (24 May 1977). At that stage 30 mg N 
had already been given per plant (culm). Then three treatments were created 
that differed in nitrogen supply; total amounts of nitrogen given (at head-
ing) were 40, 62 and 85 mg N per culm. In this report these treatments are 
referred to as Expt VA NI to N3, respectively. 
The climatic conditions during the 1977 season in Wageningen have been 
described by Spiertz & van de Haar (1978). It can be described as relatively 
cool, dark and wet, at least during the kernel-filling phase, when the mean 
daily temperature was about 16°C. This is rather fortunate because in most 
experiments under controlled conditions one or more treatments were grown at 
16-C. The date of anthesis in Expt VA. was 23 June in all treatments. 
To gain some information from field grown crops it was decided to arrange 
a plot in a nearby field of 'Bastion' spring wheat, grown under normal agri-
cultural management in 1977; this experiment is designated Expt VB. Sowing 
was done on 8 March. Nitrogen was applied at a rate of 90 kg-ha"1. The date 
of anthesis coincided approximately with that in Expt VA. Figures expressed 
per culm represent the average value for many types of tillers. 
steLT ""s E X P t VI (CV' M O n i S ) W e r e S ° W n i n 5"litre Pl"tic pots in 
eTeZ I r T ' * """^ *" ^ ^^ ^  *» P h y t ° t r 0 n ' A f t<~ ful1 
fo m a c ' T W a S r e d U C 6 d t 0 " P 6 r POt' P 0 t S « ™ — g e d to 
Th" in EZ vT""" AU Side tiUerS WerS r e m ° V e d 3t g r ° W t h Sta*e Feekes 3' 
tn ers stoDD d ' T 9 1 * C O n S i S t e d °f the m a l n aXiS « * ' R e ^ t h of new I "
 r d LT 6tely at earlYStSm eXtenSi0n' Day len*th » « «*»l'ted 
out the growth T T " " ^ " ' ^ " ^ ™* -Stained at 16»C through-
out the growth period. Until growth stage Feekes 7
 a n n„f 
amounts of nutrients (Hoaol^rJ , • U P ° t S r e c e i v e d equal 
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 Dosings were discontinued at ear 
emergence. Plants at the lowest level of N nutrition were given 30 mg N per 
culm in total (Expt VI Nl ), whilst plants at the higher N dosing (Expt VI 
N2) received 60 mg N per culm in total. 
Throughout the growth period plants were moved at regular intervals from 
spot to spot and from one growth room to another. Unfortunately, the experi-
ment could not be continued till complete ripeness of Expt VI N2. 
At 18 and 25 days after anthesis subsidiary treatments were started in 
both Expt VI Nl and VI N2, consisting of all combinations of two tempera-
tures (16 and 22°C, designated by Tl and T2, respectively) and three radia-
-2 -1 tion levels (0.2, 0.4 and 0.6 J-cm -min PhAR at ear level, designated 
LI, L2 and L3, respectively). Day length was extended from 16 to 22 hours 
in all subsidiary treatments. So the daily quantity of incident PhAR in the 
L3 treatment was greater than in the main treatments of Expt VI, with also 
— 2 -1 
0.6 J-cm -min at ear level, and that of the L2 treatments was about equal 
to the daily quantity in the main treatments. In this report the subsidiary 
treatments are abbreviated by (for instance) Expt VL Nl LI Tl (lowest N 
dressing, lowest light level and 16°C) or Expt VI N2 L3 T2 (highest N dres-
sing, highest light level, 22C°). Both series of subsidiary treatments 
lasted six days. 
In all experiments under controlled environmental conditions the rela-
tive humidity was maintained at 70 to 80%. Fungal diseases and infestation 
with aphids were prevented or controlled by spraying with pesticides. In 
experiments under controlled conditions, foot rot, caused by Fusarium spp., 
could not be prevented completely; severely attacked plants had to be dis-
discarded. 
Some observations, were made of the effect of tiller removal on the deve-
lopment of the remaining main axis. At anthesis the dry weight per detil-
lered culm was higher than the dry weight of the main axis of untreated 
plants. This is presumably attributable to the difference in culm density; 
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crop dry weight in g-m was higher in untreated plants. It appeared, how-
ever, that plant morphology (in terms of height, shape and size of organs, 
shoot/root ratio) was not fundamentally altered when tillers were excised 
early. The main advantage of detillering is a more uniform stand. Further-
more, an effect of nitrogen supply on ear density could be avoided in this 
way. 
2.2 OBSERVATIONS IN EXPTS II-VI 
Growth analyses In each experiment growth analyses were performed during 
the grain-filling period with sampling intervals of 7 to 14 days. Plants 
were dissected to separate the following parts: 
ear; when possible separated in grains and chaff plus rachis, 
- flag leaf blade, 
second leaf blade, 
- lower leaf blades, 
- first plus second internodes plus leaf sheaths, 
lower internodes plus leaf sheaths, 
- roots (not recovered from the field crop). 
Growth analyses were less detailed in Expt IV, as well as in Expts VA and 
VB during the first half of the grain-filling period. 
Fresh weights were measured immediately after dissection of the respec-
tive plant parts. The green area of the leaf blades was determined with an 
electronic planimeter (Paton Industries, Australia). When fresh and dry 
weights of leaf blades were measured, no distinction was made between green 
and non-green tissue. Roots from pot-grown plants were recovered by washing 
away the substrate. In order to facilitate washing, pure sand was used in 
Expt VI. After fresh weight and green area determinations, plant parts were 
chopped. The samples were oven-dried at 70°C for 24 hours and weighed imme-
diately after they were taken out of the oven. When the grains were big 
enough to be recoverd, about one week after anthesis, ears were threshed 
and grain numbers counted. Grain and chaff and rachis samples were redried 
and weighed. 
Next, samples were bulked (generally in duplicate samples) ground and a 
(sub)sample of the powered material was sealed in plastic, awaiting chemical 
analysis. 
No real replicates were taken in Expt II; at each sampling 30 plants were 
taken. In Expt III each figure is the mean of 7 replicates: 6 pots of 12 
plants each supplemented by the sample taken for respiration measurement, 
which consisted of 12 plants (2 plants taken form each of the 6 pots). At 
each sampling date 3 samples of 14 plants were taken in Expt IV. In Expt 
VA 6 pots with 18 plants were harvested at each sampling occasion. Each 
figure for growth analysis in Expt VB (field crop) represents the weighted 
mean of 2-4 replicates of 0.25-0.125 m2 each. In Expt VI 6 pots with 17 
plants each furnished 6 replicates, whilst 2 replicates of 18 plants were 
obtained from respiration samples (6 plants taken from each of the 6 pots). 
Photosynthesis In Expts II and IV apparent photosynthesis of a micro-
canopy was measured at regular intervals in all treatments. Each figure 
obtained is the mean of several observations on one lot of plants (30 in 
Expt II and 42 in Expt IV). Root respiration contributed to net C02 ex-
change. Technical details of measurements of photosynthesis and respira-
tion are dealt with later. 
In Expt III only a few measurements from each of the six treatments 
(2 temperatures, 3 N levels) could be obtained early after anthesis, because 
part of the equipment was destroyed in a fire. These few data are not pre-
sented, in Expt VA 7 pots were placed in the enclosure. Again, each figure 
is the mean of several observations on the same sample, within each experi-
ment all successive photosynthesis measurements were made at a fixed light 
level. In Expt II photosynthesis was recorded throughout the day (16 hours). 
Since no diurnal pattern appeared, save for a slight decline towards the 
end of the light period, measurements were extended over a period of 2-3 
hours only in subsequent experiments. No apparent photosynthesis rates were 
determined in Expts VB (field crop) and VI. 
Respiration In Expt II only night-time respiration was measured in com-
plete shoots, and in excised roots, ears, and stems and sheaths. 
In total 12 plants were involved, no replicates were taken. In Expt III 
night-time respiration was recorded in one replicate (n=12) of the follow-
ing excised organs: ears, leaf laminae, and stems and sheaths (no root respi-
ration measured). In Expt IV, VA and VB three replicate recordings were made 
with excised ears, leaf, laminae, stems and sheaths, and roots. No roots 
were recovered from Expt VB. The side tiller shoots from Expt IV were mea-
sured intact. Samples were taken a few hours from dawn, just after midday 
and around dusk. Sample size was 18 plants in Expts IV and VA; 40-60 culms 
were taken in Expt VB because there was more variation between culms. 
Two replicates of 18 plants were taken in Expt VI, one at the start and 
one at the midst of the light period. Worthwhile noting is, that no diurnal 
pattern in respiration was observed in Expt IV (phytotron), but in Expt VA 
(pots outside) the midday respiration rates tended to be higher than in the 
other replicates, at least on sunny days. Technical details of respiration 
measurement are dealt with later in this chapter. 
Chemical analyses Standard chemical analyses included N-Kjeldahl and water-
soluble carbohydrates (WSC). No WSC determinations were done in Expt IV. 
Furthermore, starch was determined in most grain samples (except for Expt 
VI). In several selected samples analyses were made of cell wall consti-
tuents (CWC), carbon percentages, the fractional composition of WSC and the 
degree of polymerization of frustosans. Soluble protein was measured in leaf 
laminae, stems and sheaths and roots in a treatment subsidiary to Expt IV 
A16. Analyses of chlorophyll a + b were performed on leaf laminae in Expt VA 
and VB. 
Abnormalities Frequent sampling and the numerous types of analyses enabled 
deviating samples to be traced. It appeared, that the data from samplings 
at 18 and 19 days after anthesis were somewhat out of range in Expt II 15 
and II 20, respectively. The first sampling from Expt II D22 at 27 days 
after anthesis gave also somewhat unexpected results. Possibly some sampling 
error was involved. Likewise, a few strange figures were obtained from Expt 
VA N3 at 29 days from anthesis, possibly because of transient inadequate 
water supply. In the subsidiary treatments of Expt VI, some unexpected re-
sults were obtained in the treatments for the middle light level at 16°C. 
Presumably climatic control was not as appropriate than assumed. 
In experiments performed in the phytotron poor seed setting was noticed 
in many spikelets in the upper half of some ears, also at relatively cool 
temperatures, e.g. 15°C or 16°C. The frequency of this phenomenon was not 
recorded, but it may have appeared in about 10 to 20% of the ears. Further-
more, in all experiments and treatments, except in the field crop (Expt VB), 
plants showed for some time during the vegetative phase quite often symptoms 
resembling potassium deficiency. Generally extra potassium was supplied. 
Growth was never hampered, and the only lasting after-effects of the tran-
sient symptoms were yellow leaf tips (1-2 cm). Possibly potassium was not 
involved at all, but some agent inherent to artificial conditions. 
2.3 TECHNICAL DETAILS OF METHODS AND PROCEDURES 
2.3.1 Design and operation of the nutrient-culture system 
In Expt I, II and IV plants were grown on a nutrient culture system 
(hydroponic). The tanks were 94 cm wide, 170 cm long and 50 cm deep. In 
total 220 plants could be placed on one tank. The outer rows were excluded 
from the experiments and served as guard rows. Seeds were germinated in 
fine silver sand. After one week the sand was washed away and the grain of 
the seedling was wrapped in a piece of plastic foam, which was placed in a 
one-centimeter-diameter hole in a 8 cm x 8 cm plastic square. The plastic 
squares were placed on a stainless steel framework above the nutrient solu-
tion. Roots of neighbouring rows were separated by plastic plates, which 
hung into the solution. Entangling of roots within a row was prevented 
by separating the roots manually a few times during early growth. The so-
lution in the tanks was circulated continuously. The temperature of the 
solution could be controlled adequately. The solution was aerated by small 
air bubbles, escaping from finely perforated rubber tubes, connected to an 
air compressor. 
In Expt II plants could not be moved easily within and between growth 
rooms. In Expt IV this problem was solved, resulting in more uniform plants. 
2.3.2 Description of equipment for carbon-dioxide-exchange measurements 
A mobile installation for measurement of C02-exchange was available. 
Carbon dioxide concentrations were measured by infra-red gas analysers 
(IRGA's) (URAS, made by Hartmann & Braun, Frankfurt/Main). 
The system consisted of two sub-units: 
1. Enclosure for measurement of C02-exchange in crops. The main circuit 
consisted of^the enclosure (a Perspex cage); a fan, operated at a capaci-
ty of 1000 m per hour; a temperature conditioning unit; and 24-cm dia-
meter, air-tight, insulated tubes, by which the various parts of the cir-
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cuit were connected to each other. Via a by-pass, air was led through an 
IRGA continuously. The signal from this IRGA was transmitted to a set of 
instruments which regulated the injection of pure CO, gas into the cir-
culating air, for maintaining a preset equilibrium CO, concentration in 
the enclosure. The circuit was not completely closed. Outside air was 
forced into the enclosure at a rate such that it created an overpressure 
equivalent to a 2-3 cm water column. Under field conditions this over-
pressure is necessary to prevent CO, from the soil from entering the 
enclosure. 
2. A separate system consisting of 5 or 7 channels, in which leaf photo-
synthesis or respiration chambers could be fitted. The actual number of 
available channels was 5 when system 1 was simultaneously in operation. 
In principle the design of this unit was as follows. Outside air was scrub-
bed free of CO. by passing through a sodalime tower. If necessary, part of 
the air was dried by passing through a silica-gel tower. Pure C02 was then 
injected at a constant rate into the CO,-free (and dried) air. The thus ob-
3 - 1 tained air, with a stable CO, concentration (in total 2 m -hour ), was 
divided over the channels. The air velocity was adjusted manually per indi-
vidual channel (needle valves and flow rate meters). Leaf photosynthesis 
or respiration chambers were fitted in all channels but one. A sample of 
outlet air of each chamber was sucked back to the second IRGA (1 litre-min" 
per chamber). Measurement of the CO, concentration in outlet air of the 
blank channel gave a value of the CO, concentration of the inlet air of the 
other channels. The air tubes leading to or coming from the chambers were 
wrapped in an electric heating coil (to prevent condensation of water in the 
tubes) and covered by insulating material. 
In both system 1 and 2 temperature was measured with thermocouples and 
radiation by a Kipp solarimeter. Temperatures, CO, concentrations and dew 
points were printed on two paper-roll recorders and input on magnetic tape 
once per run (one run lasted about 7 minutes). Incident radiation and the 
rate of CO, injection into system 1 were recorded more frequently per run. 
The paper-roll recorder output enabled constant control of operation and 
served as a safety output in case computer processing of the magnetic tape 
failed. The IRGA's were calibrated once or twice daily with calibration 
gasses produced by Wüsthoff gas mixing pumps. 
Leaf chambers Chambers for measurement of flag-leaf photosynthesis were 
made of Perspex. The inner dimensions were: length 500 mm, width 25 mm and 
height 8 mm. Two Perspex strips (diameter 2.8 mm) at the bottom wall and 
one running at the centre of the top wall kept the leaves flat and stretch-
ed. The air inlets and outlets were placed in the bottom wall; the outlet 
was positioned near the base of the leaf. The chambers were sealed with 
some plastic putty. A thermocouple was attached to the lower surface of the 
leaf. Air velocities ranged from about 150 to 300 litre-h" , aiming at a 
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maximum difference in C02 concentration between inlet and outlet air of 
about 30 ppm. 
In relatively young flag leaves (shortly after anthesis) it took about 
three quarters of an hour or more before a stable net carbon-exchange rate 
was established (Expt I); in older leaves the period in which equilibrium 
was achieved was shorter. Keys et al. (1977) found a rather stable rate 
within minutes of fitting a flag leaf in a chamber; they observed a decline 
in photosynthesis rates after 10-15 minutes. Osman & Milthorpe (1971a) mea-
sured a maximum and stable rate of photosynthesis in the fourth leaf of 
wheat four hours after the start of the recordings. 
Crop enclosure for photosynthesis measurements The enclosure system for 
crop photosynthesis measurements, described above, was actually designed to 
be operated on one square metre plots in the field. In the present experi-
ments it was not possible to use a cage larger than 0.4 m2 ground area. 
This meant an aggravation of relative errors, especially for small carbon-
exchange rates of the crops. For this reason, and because of other technical 
difficulties, the scatter in photosynthesis measurements was often bigger 
than in other measured attributes, for instance respiration. 
Respiration chambers Equipment was developed to measure respiration rates 
of excised organs. Basically the set-up consisted of a big, temperature con-
trolled water bath and a number of double-walled plastic cylinders. The spa-
th WTRTaln t h S l n n e r C y l l n d e r S e r V 6 d 3S 3 m e a s u ring cuvette, connected to 
the IRGA system-2. Samples were placed in containers with some water, which 
in turn were placed in the inner cylinders. Temperature control was achie-
v e r and 7 " ^ "' ^  ^ ^ ^ ^ ^ through the space between 
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2.3.3 Evaluation of the technique of respiration measurement 
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mature roots. 
The time lapse before a stable carbon efflux was reached, was about an 
hour or less for aerial organs and one hour and a half or more for roots. 
Yamaguchi (1978) also reported a longer equilibration period for roots 
than for shoots with equipment of basically similar design. During the last 
experiment it was discovered that the equilibration period for roots could 
be shortened by leading compressed air through the bottle before commencing 
of the recordings, or by minimizing the amount of water. 
In mature, excised organs the rate of respiration was rather constant 
for several hours, and even during a whole night. The respiratory carbon 
efflux from young shoots and young roots (4-6 weeks old) tended to decline 
somewhat during the night (data not presented). 
2. 3. 4 Methods of chemical analyses 
Water-soluble carbohydrates (WSC) were measured on an automatic analysing 
device, using anthrone (Expt II), and ferricyanide (Expts III-V). WSC were 
weighed as glucose; thus some amount of inaccuracy is involved as part of 
the WSC consisted of fructosans. 
Starch contents were estimated by subtraction of the amount of WSC (de-
termined separately) from the amount of starch plus WSC (measured together 
after hydrolization with amyloglucosidase). Starch was weighed as (C6Hio°5^n* 
Total nitrogen, including nitrate, was determined by the Kjeldahl method 
as modified by Deijs (1961) or by an automatic analysing device (Expt VI), 
using alkaline salicylate. Separate analyses of nitrate (by a specific 
electrode) in Expt I showed that nitrate-N constituted only a few percen-
tages of total-N after anthesis. Schouls (pers.comm. 1977) never found sub-
stantial accumulation of nitrate in wheat during kernel filling and there-
fore further nitrate analyses were omitted. 
Soluble protein was measured according to Lowry et al. (1951), and chlo-
rophyll determinations were based on the method of Arnon's (1949). 
Carbon was determined with a micro-analysis. The dry matter was burnt 
at high temperature in pure oxygen. The carbon dioxide was collected by a 
specific absorber and measured by the weight increase of the absorber. 
Analyses were performed by Mr H. Jonge jan of the Department of Organic 
Chemistry of the Agricultural University of Wageningen. Cell wall consti-
tents (CWC) were estimated by the method of Van Soest (1977). Measurements 
of the fractional composition of WSC and of the degree of polymerization of 
fructosans were performed by Dr W. Kühbauch of the Lehrstuhl für Grünland-
lehre der Technische Universität München. The procedures have been described 
by Kühbauch (1973) and Kühbauch & Voigtländer (1974). Nitrate reductase acti-
vities were assessed by an in-vivo method by Mr D.R. Verkerke (Centre for 
Agrobiological Research, Wageningen). 
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3 Results 
3.1 CROP CHARACTERISTICS 
3.1.1 Features of crop performance 
Analyses of the experimental plant communities will have some relevance 
for field conditions when crop characteristics, reflecting crop performance 
in global terms, show values commonly observed under field conditions. Such 
characteristics are the mean crop growth rate, the relative uptake of ni-
trogen after anthesis and the harvest indices for dry matter and nitrogen. 
The increments in total DM after anthesis (in g-nT2) and the crop growth 
rate (CGR;g.m -day ) of most of the plant communities (15°C, 16°C and 
outdoors) are displayed by Table 2. 
The CGR figures are only approximations because the accumulation of DM 
did not exactly^end at the last sampling date. A mean CGR of about 
150 kg-ha -day may seem somewhat small, but then it must be remembered 
that the stage of declining growth prior to maturity was included in the 
interval over which the rates were calculated. It appears from Table 2 that 
différences m total DM accumulation between experimental systems were 
L I T a " r t 0 d i f f e r e n C 6 S i n <*"*ion °* growth than to differen-
21 HT\ T C r O P 9 r O W t h r a t 6 S U n d e r <«•* strolled conditions were 
not substantially different from that of the field crop Expt VB. Furthermore, 
8arowth2;atêsr(durLtn '»V 1 *!*«»"« <*» *nd approximate crop 















































the total amounts of DM produced during the post-floral stage are in the or-
der of magnitude normally obtained under Dutch field conditions. 
Between 60% and 85% of the total amount of N present in the shoot (roots 
not considered) at maturity was already taken up before anthesis, the fi-
gure of the field crop (Exp VB) was 69% (Table 3). These values are rather 
common for field conditions (Austin et al., 1977; Spiertz & Ellen, 1978; 
Spiertz & van de Haar, 1978; all on winter wheat). 
The harvest indices in Table 3 bear on shoot dry matter only. The harvest 
indices for dry matter (HIDM) ranged between 0.42 en 0.50 for plant communi-
ties grown at 15°C and 16°C or outdoors; that for the field crop was 0.42. 
The HIDM was generally smaller the higher the temperature during grain fil-
ling (Expt II and III Nl) or the earlier during grain filling the transfer 
was made from 16°C to 22°C (Expt IV). The overall range of values is the 
same as commonly observed-under field conditions (e.g. Spiertz & Ellen, 1978; 
Table 3. The relative uptake of nitrogen after anthesis and 
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spiertz & van de Haar, 1978; Gallagher & Biscoe, 1978; Ellen & Spiertz, 1980). 
The harvest indices for nitrogen (HIN) ranged between 0.68 and 0.82 for 
the low temperature treatments, including experiments outdoors; for the 
field crop it was 0.68. In Expt VA (pots outdoors), the HIN was smaller 
the higher the nitrogen dressing. The same tendency holds for HIDM in this 
experiment. The harvest indices for nitrogen were also smaller the higher 
the temperature, or the earlier during grain filling the transfer was made 
from 16°C to 22°C. The overall range of values is similar to the one 
commonly observed under field conditions (Austin et al., 1977; Spiertz & 
Ellen. 1978; Spiertz & van de Haar, 1978; Ellen & Spiertz, 1980). 
The harvest indices for DM and N of the side tillers in Expt II and IV 
were generally above those of the main culms. There was no significant cor-
relation between HIDM and HIN. 
Data from the N2 and N3 treatments at both temperatures of Expt III were 
excluded from Table 3. This was done because it is difficult to interpret 
and to account for the amount of DM and N invested in continuously regrowing 
side tillers. Table 4 shows the amount of DM and N involved in tiller re-
growth in those treatments. The figures represent cumulative amounts per 
culm, invested after several complete excisions of tillers between anthesis 
and 44 or 45 days later in the respective 16°C and 22°C treatments. The 
amounts of DM and N involved were bigger at the lowest temperature and at 
the highest N dressing. 
The cumulative amounts of DM and N in side tillers was also expressed in 
percent of the grain DM and N yield (Table 4). These figures indicate that 
the side tillers in those treatments acted as important sinks for DM and N. 
This has to be kept in mind when further analyses of those treatments are 
presented. 
The characteristics of the experimental plant communities presented hith-
Table 4. Data about cumulative amounts of dry matter (DM) and nitrogen (N), 
invested in regrowing side tillers at both temperatures in the respective 
N2 and N3 treatments in Expt III. (See for intermediate figures Appendix A). 
Treatment : N2-16 N2-22 N3-16 N3-22 
interval anthesis to: 44 45 44 45 days later 
Cumulative amount 
of DM invested in 
side tillers: 
in mg per culm 
in % of grain DM 
Cumulative amount 
of N invested in 
side tillers: 
in mg per culm 



















erto do not advise against extrapolation of trends to field conditions be-
cause important features of crop performance were basically similar to those 
of field crops. 
3.1.2 Detailed description of the crops shortly after anthesis 
For a more detailed description of the respective crops Table 5 contains 
data about dry weights per organ, green leaf areas and specific leaf areas. 
All data relate to the first sampling after anthesis. Results of statisti-
cal analyses of effects of nitrogen dressings are included. The data about 
specific leaf areas were not subjected to statistical processing. 
Table 5 shows that the dry weights per culm of ears, leaf blades and of 
stems and sheaths were high in the main shoots of Expt II and small in the 
field crop (Expt VB); the difference in dry weight per organ as well as in 
total shoot dry weight amounted to a factor 3 between these two extremes. 
In Expts III and VA nitrogen treatments had no or negligibly small ef-
fects on both dry weights and green areas of the respective organs at anthe-
sis. In Expt VI the dry weights of all organs, except those of the lower 
internodes and roots, were significantly higher at the highest nitrogen 
dressing; green leaf areas were affected likewise. 
The relative distribution of shoot dry matter over ears, leaf blades and 
stems and sheaths can be derived from the data in Table 5. It appeared that 
at anthesis on average a fraction of 0.17 (with a coefficient of variation, 
cv., of 12%) of the dry matter was present in ears, 0.23 (c.v. 10%) in leaf 
blades and 0.60 (c.v. 4%) in stems and sheaths. Thus it can be noted that 
the total shoot dry matter present at anthesis was distributed in fairly 
fixed proportions over aerial organs. 
Inclusion of root dry weight in this approach led to some difficulties 
because the shoot to root ratio (abbreviated by S/R) varied considerably 
between experiments. As shown by Table 5 S/R ratios ranged from 3 to 6.9. 
Around anthesis the specific leaf area of flag leaves was on average 
1.87 dm2-g-1 (n = 7, c.v. = 7%), that for second leaves amounted to 
2.15 dm2-g_1. Specific leaf areas for the lower leaves are somewhat less 
reliable since a varying amount of dead leaves did contribute to the dry 
weight but not to the green area. The same holds of course for specific leaf 
areas calculated for bulked leaves per culm. A tendency can be noted to-
wards a higher specific leaf area in plants grown outdoors or in the green 
house (Expts III, VA, VB) compared to phytotron grown plants (Expts II, IV, 
VI). 
The total number of leaves formed until heading was not recorded. At 
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3.1.3 Numbers of ears, spikelets and kernels 
Important characteristics of a wheat crop are the number of ears per 
square metre, the number of spikelets per ear, and the number of kernels 
per ear (or per square metre). These attributes are given in Table 6. 
With respect to ear densities it suffices to remark that these were at-
tained by manipulating the crop and not as a result of free tillering, 
except in the field crop Expt VB. Furthermore it is recalled that the 
arrangement of pots did not permit unit ground area to be used as a refe-
rence basis for data of Expt III. 
Spikelet numbers were generally counted on a few occasions only; the 
total number (including empty ones) ranged between 18 and 26. In Expt VI 
the number of empty spikelets in the basal parts of the ear was counted 
more systematically. This was done because from a visual judgement a nitro-
gen effect was expected. It appeared that the total number of spikelets 
increased by two with more nitrogen, whilst the number of empty spikelets 
had decreased by two. 
The number of kernels per ear was determined at several sampling occa-
sions, starting at about mid-kernel filling. Counts of several harvests 
were averaged and data of all treatments within an experiment were bulked 
when significant nitrogen and/or temperature effects were not found. 
Only in Expt VI more kernels per ear were found with more nitrogen. Vari-
ation in temperature from one week after anthesis onwards had no effect on 
seed setting. 
The number of kernels per square metre varied considerably between expe-
riments, viz. from about 13 000 in Expt IV to almost 21 000 in Expt VI N2. 
3.2 FEATURES OF GRAIN GROWTH 
3.2. 1 Ear-growth curves 
As a simplification, the period of grain filling can be subdivided 
in three consecutive stages. During the first one or two weeks after anthe-
sis the rate of dry matter gain is relatively small. In literature this is 
called the 'initial lag period'. During the second stage, the growth rate 
is almost constant, it extends over most of the grain-filling period and is 
often called 'the linear phase'. It is in this stage that the bulk of the 
grain dry matter is produced. During the third, or maturation stage, the 
rate of dry matter accumulation can be small. Sometimes a decline in dry 
weight shows up after a maximum is reached. 
Ear-growth curves, obtained in experiments grown outdoors or at 15°C 
or 16°C under controlled conditions, are given in Fig. 1. From Expts III 
and VA the curves of the respective N2 treatments were included only. 
These curves show the features mentioned above. However the curves are given 
19 

























































ma = main axis; st = side t i l l e r ; nm = not measured 
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gram grain, ear 
2.6 
10 18 20 27 29 37 40 44 48 58 
days after anthesis 
Fig. 2. Effect of temperature on change with time in grain dry weight per 
ear. Data from Expt IV; treatment A16 kept at 16°C air temperature continu-
ously; treatments B22, C22 and D22 transferred from 16°C to 22°C air tempe-
rature at 6, 17 and 24 days after anthesis, respectively. Root temperature 
16°C in all treatments. 
3.2.2 General picture of temperature effects on grain growth 
Temperature effects on grain growth were in principle similar in all 
experiments. Warmth shortened the 'initial lag', in most cases increased the 
rate of DM accumulation during the 'linear stage', and shortened the total 
period of grain filling. 
These effects are shown by an example of the ear-growth curves of the 
main culms in Expt IV, which are depicted in Fig. 2. With respect to the 
shortening effect of warmth on the initial lag it has to be remembered 
that the first figure of Expt IV B22 (at 9 days after anthesis) relates 
to the third day after transfer from 16°C to 22°C. Apparently, the linear 
stage had already commenced in Expt IV B22, whilst it started a few days 
later in Expt IV A16. Fig. 2 shows also that ear-growth rates increased 
in response to higher temperatures, irrespective of the stage of grain fil-
ling. Likewise, the total period of grain filling was shorter, the earlier 
the plants had been subjected to higher temperature. Again, the number of 
points drawn in Fig. 2 are not completely convincing, because the cessation 
of DM accumulation is not displayed. However, in all treatments the last 
samplings were taken when ears and top internodes had lost all green color-
ation and thus bear on a similar stage of development. 
21 
It appears from these results that the temperature prevailing at any 
point in time during grain filling exerts a distinct effect on both (poten-
tial) grain growth rate and rate of development. 
3.2.3 Dru matter and nitrogen accumulation rates per kernel 
The DM (dry matter) and N (nitrogen) accumulation rates during the second 
or almost linear stage are convenient parameters to characterize grain 
growth further. These rates were calculated by simple linear regressions, re-
lating total grain dry weight or amount of nitrogen to time. Only those figu-
res were included that fell on an approximately straight line, as judged by 
eye. The intervals chosen in this way and the growth rates, given by the 
slopes of the regressions, are presented in Table 7. 
First of all it is of interest to note that the periods of constant ni-
Table 7. Accumulation rates of dry matter (DM) and nitrogen (N) per grain during the 







































































































































































































= main axis; st = side tlllpr- A „ » _ J 
sine tiller, d.a.a. = days after anthesis 
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trogen deposition rates were longer than those of constant total dry matter 
accumulation rates. 
By inspection of treatments grown outdoors or at 15°C and 16°C under con-
trolled conditions it can be seen that the rates of total dry matter accumu-
lation varied between about 1.1 and 1.5-1.6 mg DM-kernel" -d" . In fact, 
the grain growth rates in the two experiments with cv. Bastion (Expts II 15 
and VB) were in the same order of magnitude, viz. about 1.1 mg DM-kernel" • 
d . In the other experiments with cv. Adonis the mean grain growth rate 
was about 1.5 mg DM-grain- •d~ . However there were exceptions within cv. 
Adonis: rates were lower in the N2 and N3 treatments of Expt III and in 
Expt VI. 
In Expts VA and VI kernel growth rates during the linear stage did not 
differ between nitrogen treatments. In Expt III the kernels grew faster at 
the lowest level of nitrogen application, at least until about 4 weeks after 
anthesis. The rates for the N3 treatments were slightly smaller than those 
of the N2 treatments. In this particular experiment the smaller grain growth 
rates with more nitrogen had possibly some link with the greater drain of 
assimilates to regrowing side tillers. 
Temperature drastically enhanced the growth rates during the linear stage 
in Expts II and IV; the Q1Q for the rate of total DM accumulation in the 
grains was about 1.5. According to the figures in Table 7 the linear growth 
rates were not enhanced by temperature within each nitrogen treatment of 
Expt III. However, at 16 days after anthesis grain dry weights per ear were 
far smaller in the 16°C treatments than at 17 days after anthesis at 22°C, 
for instance 340 mg grain DM-ear-1 was found in Nl-16, against 540 mg grain 
DM-ear-1 in Nl-22. Expt III thus seems to represent an example where warmth 
reduced the initial lag, whilst the potentially higher kernel growth rate 
could not be realized due to lack of substrates. Of course, the latter sta-
tement needs to be confirmed by analyses of the carbohydrate economy later 
in this report. 
Nitrogen deposition in treatments grown outdoors or at 15°C or 16°c under 
controlled conditions ranged between 17-18 and 25-30 ug N-kernel" •d~ . The 
former figures seem representative for cv. Bastion, and the latter for cv. 
Adonis. 
The rate of nitrogen deposition was smallest in the respective Nl treat-
ments of Expts III, VA and VI. Temperature generally enhanced the rates 
of N accumulation in the grains; the Q1Q for this process was generally 
higher than that for total DM accumulation rate. 
Additional data about DM and N accumulation rates in grains and Q 1 Q val-
ues are given by Table 8. These figures are from temperature treatments, 
which were imposed at later stages of grain filling. It appears from Tables 
7 and 8 that representative values for the Q 1 Q for DM and N accumulation 
rates were about 1.5 and around 2.0, respectively, over the range of tempe-
ratures tested. There were deviating figures, some of which undoubtedly due 
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Table 8. Effect of temperature on the rates of dry matter (DM) and nitrogen (N) 
accumulation per grain in treatments imposed later during grain filling. 
Experiment Interval mg DM Q Interval pg N Q.. 
and d.a.a. grain • base = 16°C d.a.a. grain • base = 16°C 
treatment day day 
IV A16 ma 19-28 1.66 19-28 23.98 
IV C22 ma 20-29 2.09 1.47 20-29 37.43 2.10 
IV A16 st 19-28 1.77 19-28 24.30 
IV C22 st 20-29 2.27 1.51 20-29 42.56? 2.54? 
IV A16 ma 28-37 1.46 28-37 ca 25.0 
IV D22 ma 27-37 1.45? 1.00? 27-37 36.88 ca 1.91 
IV A16 st 28-37 1.06 28-37 24.80 
IV D22 st 27-37 1.74? 2.28? 27-37 43.0? 2.51? 
VI Nl 16a 18-31 - 18-31 16.10 
VI Nl 22 18-31 - ca 1.0 18-31 23.49 1.88 
VI N2 16 18-31 - 18-31 20.80 
VI N2 22 18-31 - ca 1.0 18-31 33.29 2.19 
a Data from subsidiary treatment« of üynt VT 
and both series. reatments of Expt VI averaged over three radiation levels 
? - questionable figure; ma = main axis; st = side tiller- „ 
» L siae tiller; d.a.a. = day after anthesis 
to experimental errors (Sectinn •> ->\ 
strates, as win be e J T ^ P ^ . ^ ^ * " <° ^ ° f SUb" 
-£ <™^r™eand radiation °n -*—- - — 
Jizr *:\:;T?::?T in the subsidiary *•«-«*• - -* -
three light levels „ t ^eatments consisted of all combinations of 
,en treaLlr^CTn r r r d S ' **"* f°r « ^ * ^ " "~ 
hi9hest and o f t h e w " ^ « ^ " f l ° W e r i n 9 - " " * " °' * * 
ence part of the grain growth
 C U r l e s o f the " " ^ * ^ ^ ^ ^ 
are shown (solid lines daii ? m a i n t r e a t m ^ t s VI Nl and VI N2 
the omitted
 L 2 li^LT^I T 7 ** ^ ^ ^ ^ t 0 ^ i n 
The general pattern 7 s I t t ^ *""»»*•> • 
whilst grain growth was faS t e r t Z T T " " ' ^ ^ ^ * " l n ^ ^ 
absence of . temperature enhancement^ ^ " " " " ^ " ^ ^ ^ ^ 
radiation flux density both point at ^ ^ g r ° W t h ' a n d i t s response to 
VI. A limiting substrate supply
 i n , *
 l l m i t l n g s u
^ t r a t e supply in Expt 
rates were lower in Exot VT «•*' • m i 9 h t e x p l a i n why the grain growth 
Expt vi than « other experiments with cv.
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Fig. 3. Effects of temperature and radiation on ear dry weights in the sub-
sidiary treatments of Expt. VI. The change with time in the main treatments, 
VI Nl and VI N2, is given by solid lines. Tl = 16°C, as in the main experi-
ments; T2 = 22°C. LI = 0.17 J-cm"2-min"1, L3 = 0.54 J-cm~2-min-1 (PhAR: 
photosynthetically active radiation). 
is because they led to this hypothesis that the results of the subsidiary 
treatments were included. 
3. 2. 5 Grain DM and N yields; durations of post-floral periods 
Information about grain dry matter and nitrogen yields, as well as data 
about the duration of the grain-filling periods are given by Table 9. 
In the moderate temperature treatments (outdoors, 15°C and 16°C) grain 
DM yields ranged from 1.02 (field crop Expt VB) to 2.76 gram per ear 
(Expt II 15 main axis). Individual grain weights at maturity ranged between 
35.4 mg in Expt VB to more than 55 mg in Expt IV A16. When converted to 
grams per square metre the smallest yields appeared in the field crop, viz. 
_o 
564 g-m . The highest yields were achieved by the plant communities of 
_2 
Expt VA (pots outdoors). These plants produced about 880 g-m under cli-
matic conditions largely similar to those for the field crop. 
Between those experiments or treatments within a cultivar, which had 
about equal kernel growth rates during the linear stage, the differences in 
grain dry matter yield per unit ground area were attributable to either dif-
ferences in duration of the grain-filling period or in number of kernels per 
square metre or both. For instance, in spite of the longer duration of grain 
filling in Expt IV A16, the relatively small number of grains per unit area 
(about 13 000) did not allow this plant community to outyield those of Expt 
VA with about 18 000 grains per m and a shorter post floral period. 
It is of interest to note that in Expts II and IV the differences in 
grain yield per ear between main axis and the one side tiller left were 
25 
Table 9. Grain dry matter (DM) yields, expressed per ear, per grain and 

























A 16 ma 
A 16 st 
B 22 ma 
B 22 st 
C 22 ma 
C 22 st 
D 22 ma 










































































































-a = main axis; st = side tiller 
a anth.-mat. = anthesis till mat,,,-,. b I
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final kernel dry weight. The accelerating effects of warmth on the transi-
tion from the initial lag to the linear stage and on the kernel growth rate 
were not big enough to compensate for the shorter duration (under the present 
experimental conditions). The drastic effects of temperature on duration will 
be discussed in more detail in Section 4.8. 
Temperature did not affect final grain nitrogen yield per ear in Expts 
III and IV (Table 9). The stimulating effect of warmth on the deposition of 
proteins in the grains was apparently large enough to compensate for the 
shorter duration of protein accumulation. However, in Expt II, with cv. 
Bastion, grain nitrogen yield was smaller the higher the temperature during 
grain filling. 
In Expts III, VA and VI grain nitrogen yields per ear were smaller at 
the respective Nl levels of nitrogen nutrition. 
Between the nitrogen treatments of Expts. Ill and VA there were no diffe-
rences in the length of the period of dry matter accumulation in grains. At 
the time when Expt VI had to be discontinued the N2 plants were not fully 
ripe yet. However, a possible continuation of grain filling in this treat-
ment would presumably have been a matter of a few days, since the ears of 
both nitrogen treatments started to loose water at the same time. Based on 
these findings it is justified to state that nitrogen had only a minor in-
fluence on the duration of grain filling in the present experiments. 
The duration of grain filling was generally longer under controlled 
conditions with a moderate temperature economy than outdoors: about 60 ver-
sus 45 days. 
3.2.6 Changes with time in the nitrogen concentration in grain dry matter 
The results presented so far indicate that accumulation of carbohydrates 
and proteins are regulated by different mechanisms. This can be demonstra-
ted in further detail by analyses of the changes with time in the nitrogen 
concentration in grain dry matter. Two examples will be elaborated in more 
detail. Fig. 4a is taken from Expt IV and was chosen to illustrate tempera-
ture effects; Fig. 4b gives the time courses of the N concentration in 
grains as affected by nitrogen treatment in Expt VA. For reference purposes, 
data from the field crop Expt VB are included in this graph. 
In virtually all experiments and treatments a two-stage pattern was ob-
served: nitrogen concentrations declined until about the mid-kernel filling 
stage and increased towards maturity. At the beginning of grain filling the 
nitrogen concentration amounted to 26-27.5 mg-g" in Expts II, III, IV 
and VB, and to 23.5 mg-g"1 in Expts VA and VI. At mid-kernel filling the ni-
trogen concentrations ranged between 16.5 and 21 mg-g . At warmer tempe-
ratures nitrogen concentrations increased earlier whilst the final con-
centrations were higher than under cooler conditions. With respect to the 
effects of nitrogen dressings it can be noted that the differences in grain 
27 
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Fig. 4 Changes with time in nitrogen concentrations in grain dry matter, 
(a). Effects of temperature, data from Expt IV. (b). Effects of nitrogen 
t T V l f P t V A ( P ° t S °Utd0ors>'- d a * a f»» the field crop, Expt VB, 
are included for reference (dotted line). 
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Fig. 5. Examples of the change with time in the cumulative proportional che-
mical composition of grain dry matter for the following constituents: water-
soluble carbohydrates (WSC; basal part), starch, protein and 'residue' (up-
permost fraction, consisting of the fraction of the dry matter not identified 
as WSC, protein or starch). Data from Expt II 15 and II 25, respectively, il-
lustrate the effects of temperature. 
measured at moderate temperatures. In Expt II 25 the starch percentage was 
already 33% at 12 days after anthesis (4 days after transfer from 15°C to 
25°C). Starch became the most predominant compound beyond 3 weeks after 
anthesis in all cases. 
Protein, actually nitrogen concentration, has been treated in detail in 
subsection 3.2.6. It suffices to remark here that the fraction of protein, 
as read from the width of the protein band in Fig. 5a-d, was smallest 
at mid-kernel filling, and that it was greater under warmer conditions. 
Between 70% and 85% of the total grain dry matter was generally 
caught in these three types of compounds. At the beginning of grain filling 
the proportion of unidentified compounds was generally greater than near 
maturity, whilst it was smaller at moderate than at warm temperatures. 
With more nitrogen (Expt III, VA) the proportion of unidentified compounds 
tended to increase. Furthermore the starch fraction in the dry matter of 
mature grains was somewhat smaller at higher nitrogen dressings, for in-
stance 65.3% and 62.5% in VA NI and N3, respectively. 
The change with time in fractional chemical composition of grains did 
not differ between the field crop and the other cases analyzed. 
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3.3 THE NITROGEN ECONOMY 
3. 3. 1 Initial and residual mass fractions of nitrogen 
The initial and residual mass fraction of nitrogen in dry matter 
(mg N-g" DM) are shown by Table 10. Initial nitrogen fractions stand for 
the nitrogen concentrations at the beginning of the grain-filling period; 
the term residual nitrogen fraction refers to the nitrogen concentration 
measured at ear maturity. Mass fractions of nitrogen in roots and in stems 
and sheaths were expressed per gram dry matter (DM) minus water-soluble 
carbohydrates (WSC), as non-structural carbohydrate contents fluctuated 
considerably within and between treatments, especially at maturity. 
The weighted mean initial mass fraction of nitrogen (concentration) in 
shoot dry matter varied considerably between experiments and treatments; the 
smallest value observed was 13 mg N-g"1 DM and the highest value was twice 
that large. Intitial nitrogen fractions of root tissue ranged between 11 and 
38 mg N-g (DM-WSC); the average figure for all treatments and experiments 
amounted to 19 mg-g" . initial nitrogen concentrations in stems and sheaths 
ranged between 10 and 23 mg-g"1 (DM-WSC), the average value was 16 mg-g"1. 
The smallest, greatest and average figures for initial nitrogen fractions 
of leaf blade tissue were 20.8, 40 and 33 mg N-g"1 DM, respectively. Corre-
sponding figures for chaff and rachis were 14, 24 and 19 mg N-g"1 DM. 
A comparison of the mean initial nitrogen concentrations in the respecti-
ve organs (bottom of Table 19» <;h™.= +-^ =«-
„„„„ . „..
 e i 9 ) snows t h a t
 °n average the highest nitrogen 
l e a f T T . 0 " W e r e f ° U n d l n leaf"blade * " « » and the smallest in stems and 
concentre ^ " ^ ^ °f ^ i.tlon indicate that initial nitrogen 
ZZIT V a r i 6 d l 6 a S t ln C h a f f and r a C h i S a n d l e a f "ades, and most 
gen^oncentrlr""6 ' ^ * ^ X° *' *» « * " * " * «»11 initial nitro-
1 TcontroT;11 thS fleld C r ° P ' E X P t VB< «»»™* - experiments under 
wa tLria ,
 d
e V ° n d l t i 0 n S - F U r t h — ' it is shown that the objective 
Li::: nnrrE:;:;;r;ran:s — — * — - ~ — 
the nu t r i en t c u l t V I ' N l t r ° g e n W a S a ^ n d a n t l y a v a i l a b l e in 
ties In
 n ™ "
r i m e n t
 "
a n d was f requent ly suppl ied i n
 ~"«-~ 
uuirient culture experiment IV Th-i« ^ f f „ 
supply resulted in much smalls •+. afferent manner of nitrogen 
At the end of the
 g r a L flil " ^ ^ ^ ^ ^ *» *** IV. 
in root tissue r a n g e d ^ " " l " * * " J ? * " 1 * * » " » 
sneaths values ranged between ^ T s s ^ l ' ^ T ' '" ' ^ ^ 
Residual nitrogen fractions of leaf bÎade \ * ^ " " ^ 
23 mg N-g-1 DM. High residual tissue ranged between 7 and 
treatments II 20 and II 25 " C ° n C e n t r a t i o n s w e r e observed especially in 
senesced when ears were ri' ^  t h 6 S e t r e a t m e n t s n o t a 1 1 of the leaves were 
dry matter of chaff and r» v.*' ldUal m a s s é t i o n s of nitrogen in the 
and rachis ranged between 4 and l2 m g N . g " l D M . 
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Residual nitrogen fractions were generally higher under warmer condi-
tions, except in Expt IV C22 and D22. Treatment effects on residual nitro-
gen contents will be dealt with in more detail later. 
The final mass fractions of nitrogen in grain tissue were greater with 
higher doses of nitrogen fertiliser. In Expt III, however, the effect was 
relatively small, as can be seen from the figures 21.0, 21.4 and 22.1 mg 
N-g grain dry matter for the Nl, N2 and N3 treatments at 16°C, respecti-
vely. Final nitrogen fractions of grain tissue were strongly affected by 
temperature. The highest value observed was in the 25°C treatments of Expt 
II, viz. 31 mg N-g" DM. Averaged for treatments with a moderate tempera-
ture economy (15°C, 16°C, outdoors) the final nitrogen concentration in 
grains amounted to 21.7 mg-g" . Compared to the wide range in mass fractions 
of nitrogen in dry matter of vegetative parts, the final nitrogen concentra-
tions grain dry matter was rather stable when considered for approximately 
equal temperatures. 
3.3.2 The relative nitrogen distribution at anthesis 
The absolute amounts of nitrogen per organ at anthesis varied conside-
rably due to variation in culm sizes (between experiments) and in nitrogen 
concentrations (between and within experiments). Therefore is was decided 
to present the initial nitrogen distribution in relative terms. This seemed 
appropriate since it was found in Subsection 3.1.2 that the initial dry 
matter was distributed over shoot organs in relatively fixed proportions. 
Table 11 contains the relative distributions of nitrogen at the beginning 
of grain filling. To facilitate comparisons with cases where roots were not 
analyzed (field crops) the relative distributions were also calculated for 
above-ground organs only (Table 11), m
 E x p t IV t h e r o o t w a s r e l a t i v e l y 
large and contained therefore relatively much more nitrogen than roots in 
other experiments. For that reason the mean relative distribution, averaged 
7Z !*PerimentS and ^atments, was calculated with and without the data 
trom this experiment (Table 11). 
Apart from Expt IV, the relative amount of nitrogen in the roots at 
the beginning of grain filling ranged between 14% and
 2 2 % and amounted to 
Seated 11 T ' B 6 t W e e n 3 5 % a n d 4 3 % °f t h e i n i t i a l a — t of nitrogen was 
b twe n 0* d\;r SheathS; ^  aVera9e W3S 38%- Leaf bl*^s contained 
3 7 in tie ? °f the i n i t i a l a m ° U n t ° f n i t r ° g e n ' W i t h - -erage of 
%'o th?inTtr S! U r e S <Chaff a n d r a C h l S ) * * " W a s between 10% and 16^ of the initial amount of nitrogen with an average of 127 
-::r:iia^T:ic; i^rion of data fL -* - -
stems and sheaths, leaf > 1 ^ J ^ ' ^ T l ^ ^ ^ ^ ^ 
39% and
 15%, respectively, since tte rl V " " " ^ ^ ^ 
were relatively small it .- " a c t i v e coefficients of variation 
y small, it seems justified to conclude that the initial 
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Table 11. Relative distributions of initial amounts of nitrogen, whole plants 
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amount of shoot nitrogen was distributed in fairly fixed proportions over 
component parts. This conclusion is reinforced by considering the large 
variation in culm sizes between experiments and in nitrogen mass fractions 
between, but also within, experiments. However, with respect to effects of 
variation in nitrogen supply, the refinement can be made that the proportion 
of initial shoot nitrogen in stems and sheaths tends to increase with more 
nitrogen, at the expense of the proportion in leaf blades. These results 
indicate a larger nitrogen buffer capacity for stems and sheaths than for 
leaf blades. 
3.3.3 The relative contribution of various sources to grain nitrogen yield 
The contribution to grain nitrogen yield of aerial organs can be assessed 
by expressing the amount of nitrogen removed from each organ as a percen-
tage of grain nitrogen yield. The remaining proportion of grain nitrogen 
yield, not derived from depletion of aerial organs, must originate from the 
ro
°ts. The 'gross' contribution by roots consists of two components: nitro-
gen removed from root tissue and a net uptake of 'new' nitrogen from the 
soil. 
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Table 12. Relative contribution (%) to final grain nitrogen 




























































































a 'Gross' root contribution consists of N removal from root 
tissue plus net N uptake from the root medium. 
senleoTV^ r e l a t l V e C O n t r i b u t i o n s to grain nitrogen yield are pre-
1 "t Data f r ° m ^ N2 Snd N3 t r e a t m e n t s ° f E*Pt " I w-e 
n trogen In T ^ Ie'9Z°Vin9 "** ^ ^ 3 C t e d 3 S * "«*»* "in* *>r 
r n T t r e a t m e n t S ' S t e - - d deaths contributed between 20% and 
N L g e H L " l 7 e n I1 6"' ' ^ a V 6 r a g e °Ver a 1 1 t r e a t o e n t S ™ t e d to 29%. 
t ^ n yield w i t w ' ^ ^ ^ * " °» ™"* 28% ° f *«*» pl-
eases The I r e , ^ " " " " ^ ^ ^ 2 2 % ^ ^ f o r individual 
cases The corresponding figures for chaff and rachis were: average iiy 
Ined r trt;te n ?% T "*' ^ ~ t ^ ^ '«— -silLTof te 
trfg r u p t l f C r °„ 9en rem0Val f r ° m r 0 ° t S »^ ««itional ni-
ranged Z : T J : ~ ; ~ , g r O S S , r°0t ™ i o n ) , the figures 
Distinct treatment
 e f f t t s on g r ? " ' 6 P r°P° r t i°n " " ^ 
spared to the controls 1 ^ c ^ ^ ^ ^ «» " • « * - • 
and IV A16) this „, -• P 1 5 ) ° r 1 6 C <ExPts " I «1-16 
- c
 (II j ; o^^urr-a^^r11611/1^ - — — -
.rain nitrogen yields were noted 7n
 E x p t Tv I ' f " « " » " ^ S i n ~ ^ a l 
the stimulation of nit™«.« * 7 3nd B 2 2 ( S e c t i o n 3-2-5) 
rations m non-grain parts in Expt IV B22. 
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Early transfer to the hot temperature of 25°C (Expt II 25) or late trans-
fer from 16°C to 22°C (Expts IV C22 and D22) did not result in higher root 
contributions to grain nitrogen yield. Furthermore, 'gross' root contribu-
tion to grain nitrogen yield increased with higher doses of nitrogen supply 
in Expts VA and VI. However, the data from the latter experiment are tenta-
tive, because the N2 treatment was not fully ripe when the experiment had 
to be discontinued. 
A higher 'gross' root contribution to grain nitrogen yield with more ni-
trogen or at higher temperature implies a smaller contribution by nitrogen 
removed from shoot organs. Table 13 shows the proportions that component 
shoot parts contributed to the total amount of nitrogen removed from the 
shoot. The fact that the figures are largely similar for each temperature 
treatment or nitrogen treatment within experiments indicates that all 
shares of individual shoot organs were diminished to the same extent, when 
'gross' root contribution to grain nitrogen yield increased due to treatment, 
or in other words, the proportions that component shoot parts contributed 
to the total amount of N removed from the shoot were not responsive to treat-
ment induced changes in 'gross' root contribution to grain nitrogen yield. 
An even more interesting conclusion can be drawn by comparison of the 
data in Table 13 (within experiments data from N treatments considered sepa-
rately and for temperature treatments data combined) with those about the 
initial relative nitrogen distribution over shoot organs, presented in 
Table 11. The figures in both tables are practically, if not exactly, equal 
for each experiment and/or N treatment. This implies that the proportions 
Table 13. The proportions (%) component parts contributed to the total 



































































that individual shoot organs contributed to the total amount of N removed 
from the shoot were numerically equal to the initial proportion of shoot 
nitrogen present in these organs. The data of Expt VA, and to a smaller 
extent also those of Expt VB, deviated somewhat from this pattern in that 
stems and sheaths contributed less to N removal from the shoot than in pro-
portion to the initial amounts, whilst leaf blades contributed more. These 
deviations can be explained by non-metabolic losses of leaf dry matter and 
thus of N losses which occurred in these experiments (Subsection 3.4.4). In 
the present type of analysis nitrogen losses through shedding of leaves 
would indeed cause the relative contribution of leaf blades to grain nitro-
gen yield to be overestimated. 
3.3.4 Summary of treatment effects on the nitrogen economy 
Some features of the nitrogen economy and the treatment effects will be 
summarized and demonstrated by cumulative nitrogen distribution graphs. 
Fig. 6a shows the distribution of nitrogen throughout the grain-filling 
period in Expt IV A16. From each sampling date the amounts of nitrogen pre-
sent in roots (lowest lines), in stems and sheaths, in leaf blades, in chaff 
and rachis and in the grains were superimposed; thus the uppermost line re-
presents the total amount of N in the plant. Fig. 6a depicts the pattern of 
nitrogen relocation from component parts of the plant in detail. Furthermore 
it can be seen that nitrogen uptake continued throughout the kernel-filling 
period, although at a decreasing rate. 
Fig. 6b serves to show the effect of temperature on the nitrogen economy 
of Expt IV. The upper lines represent the total amount of nitrogen per plant 
in treatments IV A16, B22 and C22; the amounts of nitrogen in non-grain 
parts are given by the lower lines. The time courses for amounts of nitro-
gen in the grains is depicted in Fig. 6c for all treatments of Expt IV. The 
duration of nitrogen deposition in grains was shorter the earlier plants we-
re transferred from 16°C to 22°C. The shorter duration was fully compensated 
for by an increased rate of nitrogen accumulation in the grains, because 
there was next to no difference in final grain nitrogen yields between tem-
perature treatments, in Expt IV B22 (early transfer to 22°C) the higher rate 
of N deposition in grains was achieved by a faster rate of N depletion from 
vegetatxve parts and by a larger additional uptake of nitrogen by the roots 
compared to IV A16 (Fig. 6 b ) . This led eventually to higher residual nitro-
^liriTT'T <TablS 10) 3nd a Smaller harVest index f« nitrogen 
and ^  l \ T 9 l6SS Clearly' the Same featUreS •«** to E*Pt » I Nl-22 
depolio '• e X C e P t toat l n the l a t t e r — t h e sh<~ter «nation of N 
Thus araln " J * " " " ™ ^ * * * C™?™^ *>r by an increased rate. 
Thus gram nitrogen yields were smaller in Expt II 20 than in II 15 (Table 
'g li " J 7 ?' and a l S° in IV D22' thS faStSr »*• -' - ^plsition 
grains was achieved by a faster removal of N from vegetative organs only 
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Fig- 6. Graphical representation of the nitrogen economy, as affected by-
temperature in Expt IV. All data bear on the whole plant (main axis plus 
one-ear-bearing side tiller plus their common root), (a). Change with time 
in the cumulative distribution of nitrogen over constituent plant parts, (b). 
Temperature effects on the change with time in the total amount of nitrogen 
Per plant (uppermost lines) and in the amount of N in non-grain organs (lo-
wer lines), (c). Temperature effects on the change with time in the amount 
of nitrogen in the grains. 
(Fig. 6b) and not by an enhancement of N uptake by the roots. Thus the resid-
ual amounts of nitrogen and the harvest indices for nitrogen were similar 
l n E xP t s IV A16, C22 and D22. 
Figs 7a en 7b show the cumulative nitrogen distributions as affected by 
nitrogen treatment in Expts VA NI and N3. These graphs indicate a continued 
uptake of nitrogen after anthesis, which was somewhat greater in the N3 
treatment. Initial and residual amounts of nitrogen were clearly superior 
in the N3 treatment. The smaller harvest index for nitrogen (Table 3) with 
m
°re nitrogen was brought about by a greater increase in residual nitrogen 
in vegetative parts than in grain nitrogen yield. The cumulative nitrogen 
distribution graphs emphasize that the relocation of nitrogen from vegeta-
t e organs to the grains is one of the most significant processes in the 
9rain
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Fig. 7. Graphical representation of the effects of nitrogen treatments on 
the change with time in the cumulative distribution of nitrogen, illustrated 
with data from Expt VA NI (a) and Expt VA N3 (b). From bottom to top the 
amounts of nitrogen in roots, stems and leaf sheaths, leaf blades, chaff and 
rachis, grains; the uppermost line represents the total amount of N per 
plant (cf. Fig 6a). 
3.3.5 Nitrate reductase activities 
Some analyses of nitrate reductase activities were performed in plants 
of Expt IV. The results are given in Table 14. At four weeks before anthe-
sis the specific reductase activity in vivo (designated NRA-FW in Table 14) 
was clearly higher in shoots than in roots (although the fresh weight of 
roots is not a really dependable measure). The results obtained with this 
method suggest that about a third to a quarter of the nitrate was reduced 
in the roots at that stage of development. In the second batch of plants, 
harvested two weeks after anthesis, the NRA-FW was highest in leaf blades 
and lowest in stems and sheaths. Intermediate figures were found for roots. 
Per plant organ the nitrate reductase activity was also higher in leaf 
laminae than m the stem plus leaf sheaths, but the absolute activity of the 
root approximated that of the total shoot. So it seems that in older plants 
^bigger proportion of the nitrate was reduced in the roots, about 42% to 
dependab'le'TfT, "' ^  P r ° P ° r t i ° n ° f * * « * reduction in roots are only 
dur " g growth ^ r e d U C t a S e « C i t i e s - vivo really reflect what happens 
avl llble
 for £ l n t a C t Plant- A n a l y S 6 S ° f n i t ™ * - «**"» "tes were 
rotate * r:ond batch of piants and * ^^ ^ *» ~.i »*. 
Table 14. Nitrate reductase activity (NRA) in vivo per organ and nitrate reductase 







































































































3.4 CHEMICAL ANALYSES OF CARBOHYDRATES, CARBON AND CELL WALL CONSTITUENTS 
3. 4.1 Water-soluble carbohydrate contents per organ 
Chaff and rachis After anthesis the mass fractions of WSC in dry matter of 
chaff and rachis generally increased to 100-150 mg-g-1 DM at 2 to 3 weeks 
after anthesis, then WSC concentration declined; at maturity low concentra-
tions in the order of 10 to 30 mg-g"1 were found. The absolute amount of WSC, 
which was stored after anthesis and subsequently metabolized, ranged between 
20 and 65 mg per ear in treatments grown outdoors or at 15°C or 16°C under 
controlled conditions. 
£eaf blades The range in the WSC fractions of the dry matter of leaf blades 
was between 40 and 80 mg-g"1 throughout kernel filling. Only when increment 
in ear dry weight was small relative to assimilate production, e.g. shortly 
after anthesis, or in some experiments near ear maturity, the fraction of 
WSC sometimes reached levels of 100 to 120 mg-g • 
Stems and leaf sheaths Fig. 8a-d show the courses of the amounts of WSC 
in the stems and sheaths in mg per culm in Expts II-VB. Data of Expts II 
and iv refer to the main axis only. 
In the first place, only treatments will be considered grown at moderate 
temperatures (15°C, 16°C, outdoors). It can be noted that the amounts of 
stored WSC increased initially after anthesis. There were differences be-
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Table 15. Observed maxima in the water-soluble carbohydrate 









































ma = main axis only 
At anthesis there were slightly more WSC at the lowest level of nitrogen 
nutrition in Expt VA. As time progressed larger differences between the ni-
trogen treatments appeared: more WSC were stored and subsequently metaboli-
zed the lower the level of nitrogen nutrition. At maturity the differences 
had disappeared. 
The pattern of change of WSC in stems and sheaths in the field crop Expt 
VB was largely similar to that in the pot experiment done under similar cli-
matic conditions (Expt VA). The maximum amount of WSC in stems and sheaths, 
measured at 20 days after anthesis in the former experiment was equivalent 
to 880 kg-ha"1. 
At maturity the amounts of WSC in stems and sheaths were generally not 
or not much smaller than at anthesis. This implies that carbohydrates pro-
duced before anthesis contributed nothing or only slightly to grain yield. 
Roots Figures 9a and 9b show the time courses of the amounts of WSC in 
roots of Expts II and IV, respectively (nutrient culture experiments). 
Broken lines in Fig. 9a indicate the continuation after ear maturity. 
Until about 25 days after anthesis the amount of WSC in roots was low 
in all temperature treatments of Expt II (approximately 16 mg-g DM). 
Beyond that time the amounts increased, first in the 25°C treatment and 
latest at 15°C. At 25°C the rise in WSC was only small, but at 15°C and 
20°C it was considerable. At ear maturity the mass fraction of WSC in root 
dry matter was 190 mg-g-1 in Expt II 20 and 160 mg-g"1 in Expt II 15; in 
both cases about 16% of the plant's total amount of carbohydrates was loca-
ted in the roots. 
In Expt IV A16 and B22 the amounts of WSC in roots were small until 
about 20 days after anthesis. Then enormous amounts of carbohydrates were 
stored. The treatments created by transfer of plants from 16°C to 22°C later 
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ear maturi* * £ l T J ^ " " ^ *° ^ ""•''1 - 2&° — " ^ 
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 Planfsytotal ^ ^ o ^ * ^ 1 ^ - At - « * > * * — * 70% of 
ntity of wsc was located in the root in both treatments. 
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Figures 9c and 9d show the changes with time in the amount of WSC in roots 
of Expts III and VA, respectively. In these pot experiments the amount of 
WSC tended also to increase with time. It can be noted that in Expt III the 
onset of the rise in WSC occurred earlier the lower the nitrogen dressing 
and that it commenced earlier at 22°C. Between the last two sampling dates 
a decline in WSC quantities were noted in the treatments with the most ad-
vanced state of senescence (22°C treatments, Nl treatment at 16°C). Expres-
sed as a fraction of root dry matter, the WSC fractions ranged between 10 ' 
and 160 mg-g" throughout grain filling in Expt III. 
In Expt VA (Fig. 9d) the highest amounts of WSC in roots were found in 
the Nl treatment; the changes with time were not spectacular in the N2 and 
N3 treatments. Expressed as a fraction of root dry matter the WSC mass 
fractions varied between 10 and 110 mg-g" throughout grain filling in Expt 
VA. 
No data are available about WSC contents in Expt VI. However, root dry 
weights increased between the last two samplings in both nitrogen treat-
ments. This might reflect an-increase in the amounts of WSC in roots towards 
maturity in this experiment. 
3.4.2 The composition of water-soluble carbohydrates 
To gain insight in the chemical form of water-soluble carbohydrates 
some samples were analyzed for the relative amounts of mono- and disaccha-
rides on the one hand, and fructosans on the other hand. Moreover the dis-
tributions of molecular weights of fructosans were measured; these were 
characterized by their modal degree of polymerization (DP). The results are 
summarized by Table 16. 
Most of the non-structural carbohydrates were present as mono- and di-
saccharides. In stem and sheath tissue there was a tendency towards a great-
er proportion of fructosans at increasing proportions of water-soluble car-
bohydrates (r = 0.9). The modal degree of polymerization of fructosans was 
rather similar for most samples and was about 6. Of course, longer and shor-
ter fructosan chains were present as well. In fact, in most samples traces 
of fructosans with a DP up to 24 were detected. In Expt IV B22 virtually 
no carbohydrates accumulated in stems and sheaths. No long-chain fructosans 
were present in the sample analyzed from this treatment (number 3 in Table 
" ) • The modal DP of 3 indicates that the relatively small amount of fructo-
sans present in this sample consisted of trisaccharides mainly. The only 
sample of root tissue analyzed did not show a composition of carbohydrates 
different from that in stems and sheaths. 
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Table 17. Mass fract 
- 1 , per plant (mg Og DM). 
ions of carbon in dry matter per organ and weighted means 
Organ 
kernels 
chaff and rachis 
leaf blades 
stem and sheaths 
root 
weighted mean 
of aerial parts 
weighted mean 
of total plant 




















































d.a.a. - days after anthesis. 
from an experiment conducted in T^T* ' °" P U r p o s e samPles were selected 
The number of data is
 t o o l i t T+ ^ "" ^ * telal - t d — 
J.& too l i m i t e d t o norm-it- ,*„«•• • ^ 
about the mass fractions of
 c a r b o n , definite conclusions, neither 
of individual organs nor J a * ° n <Concen t r*tion; mg c-g^DM) in dry matter 
-ems justified to conclude J a t ^ T e U t ^ d ^ " " " ^ ^ ^ " 
« wheat dry matter amounts to about 430
 m a "1 ^ flaCt±°n °f ^ ^ 
The results of
 s o m e determinations " " * * g r a ± ^ ^ ^ stage. 
emanations in samples of about 6-week-old plants 
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(grown on nutrient culture) indicated also carbon fractions in vegetative 
shoots of about 430 mg-g" , whilst a somewhat smaller figure was obtained 
for root material, viz. about 400 mg-g . 
Biscoe et al. (1975) reported similar carbon mass fractions in shoots 
and roots of barley throughout growth: 436 and 397 mg-g , respectively. 
3.4.4 Analyses of cell wall constituents 
Analyses of cell wall constituents (CWC) were done to gain knowledge 
about the mass fraction that these compounds make up of the total dry matter 
in vegetative organs. Furthermore, time trends were evaluated. 
Leaf blades The mass fractions of CWC in dry matter of leaf blades ranged 
between 0.35 and 0.60 g-g-1. The variation in these figures was primarily 
caused by differences in the amounts of proteins and water-soluble carbo-
hydrates. This follows from the fact that the ratio between the amount of 
CWC and the residual dry weight (=total dry weight minus the amounts of 
proteins and water-soluble carbohydrates) was always close 0.60. 
If it is assumed that the plant does not break down cell wall constitu-
ents itself, the amount of these substances should remain constant in non-
growing organs, in indoor experiments the amount of CWC in leaf blades did 
not change during the kernel-filling period indeed. This is shown in Table 18 
bY the data of Expts III and IV. Outdoors, dead leaf blades can be torn off 
(wind and rain) and microbial activity may also result in loss of structural 
tissue, m Expts VA en VB (pots outside and field crop, respectively) the 
a
 le 18. Examples of the change with time in the amount of cell 
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leaf blades 















coefficient of variation. 
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amount of CWC in leaf blades decreased, e spec i a l l y during the second half 
of kernel f i l l i n g . This i s shown in Table 18 by example of Expt VA N2. In 
t h i s p a r t i c u l a r case about 30% of the s t r u c t u r a l t i s s u e was l o s t during the 
k e r n e l - f i l l i n g per iod. 
Stems and sheaths The mass f rac t ions of CWC in dry mat te r of stem and 
sheaths t i s s u e ranged between 0.55 and 0.75 g-g" 1 . The v a r i a t i o n i n these 
f igures was due to differences in the amounts of p r o t e i n s and water -so luble 
carbohydrates, as the r a t i o between the amount of CWC and the r e s i d u a l dry 
weight was always very c lose to 0.80. 
Examples of the change with time in the amount of CWC in stems and sheaths 
are given in Table 19. I t appeared t h a t the depos i t ion of CWC may continue 
u n t i l about 10 days a f t e r a n t h e s i s . After t h a t time the amount of CWC r e -
mained always cons tant . 
Roots The mass f rac t ions of CWC in root dry matter ranged between 0.48 and 
0.78 g-g . The v a r i a t i o n in these f igures was brought about by d i f ferences 
in the amounts of p ro te ins and water-soluble carbohydrates , as the r a t i o 
between the amount of CWC and the r e s idua l dry weight was always c lose 0.80. 
in experiments grown on n u t r i e n t cu l tu re (hydroponics) the amount of CWC 
» roots hardly changed with time (Expts I ! and IV, Table 20 ) . In con-
t r a s t , with pot-grown p l a n t s , the amount of CWC in roo t s dec l ined e s p e c i a l -
T a b l e ^ T S e C ° n d h a l f ° f t h e g r a i n " f i l l i ^ P - i o d (Expts I I I and VA, HI\l IT °f the ° l d r ° 0 t branCh6S may haVe broken off "*» washin* 
away t h e s u b s t r a t e t o r e c o v e r t h e r o o t s . M i c r o b i a l a c t i v i t y may have p l a y e d 
E x p e r t T r e a t s Day after anthesis CWC per stem and 
of observations l P a f Bj,«»*i.» c__ 
" 15 
IV A16 
• , —'" »<""• per stem and 
of observations leaf sheaths (mg) 
A * 1 9 0 
10 * 2 6 ° 
53 ' 4 4 ° 
5 J







B22 4o * 2 3 ° 
D22














Table 20. Examples of the change with time in the amount 
of cell wall constituents (CWC) in roots. 
Experiment Treatment Day after anthesis CWC 
of observations per root 
(mg) 





III Nl-16 3 489 
335 
304 
HI N3-16 3 450 
320 
310 







































a role too. In the present examples about 20% to 30% of the amount of CWC in 
roots was lost during the grain-filling period. 
3
-5 FEATURES OF LEAF SENESCENCE 
• 1 Ageing parameters in flag leaves in Expt I 
E
*pt I concerned the establishment of temperature effects on a number 
o f
 Parameters of senescence in the flag leaf. These were: green area, rate 
°f Photosynthesis at saturating light intensity <Pmax>. and the amounts of 
chlorophyll (a+b), soluble protein and nitrogen. An example of the relation-
ships between the relative values of these variables is presented in Fig. 10. 
The
 Native figures 100 were assigned to the values at 11 days after anthe-
sis
- From three days before to eleven days after anthesis the amounts of the 
chemical constituents considered were rather constant, except for the amount 
soluble protein which decreased. 
Fia













19 25 _l 31 34 47 
+
 • - green flag leaf area d ° y S ° f t e r anthe^ 
; z i : :l™*zeg ;2h.otosynthesis ( ** co^°g ™w> 




= m g soluble protein.flag leaf"1 
' t ^ J r T : °f/eCline °f fla g l e a f -ttributee. Data taken fro, Expt 
AbBoluJ ~ " I T T " : 2 0 ° C 3 i r t e m p e r a t U r e' "'* «f nutrient solution, 
value o r i b U t 6 S ^ U d a y S a f t e r a^esis were assigned the 
variLii;8 : : \ ~ y associated with *» — - - - -
 other 
ratures simnar D aT t ^ '' ^  eo-bi»*"«»- of -ir and root tempe-
-ciine trh^;::ra;; f t change were * • — • * * — ^ s „; 
- as air ^ e ^ Z ^ ^ w T ^ ^ T " " " * ^ 
were tar less pronounced. 
3.5.2 Treatment effects on i*=-r 
itects on leaf senescence in Expts li-vi 
treatments of ExptTin "InTvT^^^^" d i f f e r e n c e s between the nitrogen 
leaves (Table 5) b e c a m e 2 ^ £**"* t0 g r 6 e n a r e a a n d d ^ "«*«" of 
-rve to illustrate this. Prom T p t x u T T ^ ^ ^ ° f T a b l e 2 1 
date when for the
 £ i r B t t i m e s i g n
 P
ficant T d a t a a r e *iven <* the sampling 
on dry weight and green area J T , ? * t r e a t m e n t e f f e c t s appeared 
•31 days after anthesis at
 22°c a n d \ T V ? lea™S' Vi** l n t h e h a r v e s t a t 
Expt. VA. a set of
 d a t a is JJnT ^ ' " ^ a n t h e S i s a t 1 6 ° C - ™ 
that is the first sampling with S a m P l l n g a t 2 9 d a y s after, anthesis ; 
Significant effects of nitrogen Z T T d±SSeCt±°n o f « * upper leaf layers, 
earlier.
 F r o m b o t h e x p e r i
 i6afJttrxbutes might have thus occurred 
included in
 T a b l e 21 * J^*8' d a t a earned at or near ear maturity are 
It can be derived from Table 21 *h»* 
21
 that green leaf areas and leaf dry weights 
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Table 21 . Some da ta from Expts I I I and VA on l ea f senescence as effected bv 
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l e t t e
" behind treatment 
* s ipTo.o5; f e r e n c e s ' ca icu iate< 
means in a column indicate statistically 
ted by Tukey's Honest Significant Difference 
med earlier in time in plants given less nitrogen (Expts III and VA) or 
Jected to a higher temperature (Expt III). At or near maturity the largest 
en
 biliar areas were obtained at the highest nitrogen dressings. So leaf 
le
 Scence
' as reflected in the declines in green area and dry weight of 
eS
'
 proceeded slower with more nitrogen and at the cooler temperature. 
wer e
r e a t m e n t e f f e c t s o n l e a f
 senescence, including those of temperature, 
pere q U a n t i f i ed further by calculation of the integrals of leaf area in cm 
tegraT1"1 ^ t i m e i n d a y S ( T a b l e 22)- F o r r e a s o n s o f simplicity, these in-
reserv3 " ^ C a l l e d L A D ( l e a f a r e a duration), although this term is usually 
nitrred f ° r t h e i n t e 3 r a l of LAI and weeks. In experiments with different 
after96" t r e a t m e n t s LAD values were computed from the first sampling date 
»ents antheSis t i n e ar maturity in the respective treatments; in experi-
with variation in temperature, LAD values were computed from the date 
«Position of treatments. 
LAD 
tivM l n C r e a s e d with nitrogen supply, although the differences were rela-
y small between the respective N2 and N3 treatments of Expts III and 
49 
2 
Table 22. Treatment effects on LAD values (cm green area'days) per (main) culm. 
Integration interval LAD values of treatment 
a. Effects of temperature on LAD in Expt II. II 15 II 20 II 25 
from 11 d.a.a. till ear maturity of II 25 
at 33 d.a.a. 2 223 2 207 1 903 
from 11 d.a.a. till ear maturity in II 20 
at 47 d.a.a. 3 309 3 246 
b. Effects of treatments on LAD in Expt III. Nl-16 Nl-22 N2-16 N2-22 N3-16 N3-16 
1 d.a.a. till ear maturity 
(nitrogen effect) 2 862 4 908 5 444 
9 d.a.a. till ear maturity 
(temperature effect) 2 015 1 516 3 953 3 176 4 504 4 193 
c. Effects of temperature on LAD in Expt IV. A 16 B 22 
9 d.a.a. till ear maturity 3 150 2 485 
d. Effects of nitrogen on LAD in Expt VA. 
1 d.a.a. till maturity 3 316 4 123 4 315 
Nl N2 N3 
d.a.a. = days after anthesis 
In'r^T N 2 h a d t 0 b e d i s c o n t i n u e d before ripeness, but the difference 
in LAD between the two nitrogen treatments of Expt VI would presumably have 
grown to a factor 2 (data not presented). 
/ a e n T h V m ! a C t ** t~*,er,lture ° n « ° Bee»ed to depend on the level of nitro-
/ gen nutrition. This follows readily from the data of Expt III (Table 22): 
L l t r T N 1" 2 2 ( 1 ° W e S t n i t r ° g e n d r e S S l n g ) t h e " ° vîlue was about 25% 
was o n l v T TZ ' " ^ * * d i f f e r e n " between temperature treatments 
lllZlf/: l\T m l e V e l ° f n i t r 0 9 e n n U t r l t i 0 n- ^ h e r - r e , temperature 
Z wLlaT i^ " EXPt " Wlth n i t r ° g e n riCh Pl3ntS < T a b l e 22> whilst ijAt> as far smaller at 2?°<- 1-Vi=,n =>+- i<:o„ • 
tively low nitrogen contents " *»* " ' " "**'*»*<* ^ " ^ 
3.5.3 Cnloropnyll contents of leaf Maäes in
 Expts VA ana VB 
greInecoroaurlatmhinahe °' *" treatmentS °f EXPt ™ W « * to have a deeper i::zi: '*es :z:iTi±Togen dressing-Anaiyses °f —hy- - « 
a factor of i ^ J ^ ^ Z ^ ^ ^ * * * * " ™ «** » 
Expt VB (field nmn, respect to assimilate production; analyses in 
VB (field crop) were made for reference purposes. The time courses for 
50 
mg chlorophyll (a+b) 
7h 
kv-/' , Expt"2"A-=N1 •'• * = N 2 7 = N3 
E x p t ¥ B o 
1 8 15 22 " 20 36 46 53 
days after anthesis 
Fig. 11. Changes with time i n the t o t a l amount of chlorophyll (a+b) in leaf 
blades per culm as a f fec ted by n i t rogen t reatments in Expt VA, data from 
Expt VB are given for r e f e r e n c e . 
the average amount of ch lo rophyl l a+b (measured separa te ly) in the t o t a l 
mass of leaf blades per culm are p l o t t e d in Fig . 11 . Each point represents 
the mean of 2-4 r e p l i c a t e s ; t he c o e f f i c i e n t s of va r i a t i on for r e p l i c a t e s 
ranged between 4% and 12%. 
At anthesis the amount of ch lorophyl l in Expt VA NI was s l i g h t l y lower 
an that in the N2 and N3 t r e a t m e n t s . However, as time progressed the dif-
erences between the n i t r ogen t rea tments became l a rge r . 
The differences in amounts of chlorophyl l between the treatments were not 
reflected in d i f fe rences in photosynthes i s r a t e s u n t i l l a t e in the grain 
filling stage (see Sect ion 3 .6 , F ig . 16) . 
I n E xPt VA the ch lo rophy l l conten t (a+b) amounted to 0.4-0.5 g-m" green 
area, except during the l a s t few weeks p r i o r to maturi ty when lower 
ues were obta ined. Chlorophyll content was considerably smaller in the 
l e l d c r
°P Expt VB. Here i t ranged between 0.2 and 0.3 g-m-2 green leaf 
a r e a d u r i n 9 m ° s t of the g r a i n f i l l i n g per iod . 
Relationships between amount of nitrogen and green area of leaves 
Ve
 I n l i t e r a t u r e a l i n k has been suggested between removal of ni trogen from 
^getat ive p a r t s and t h e i r senescence ( e . g . S inc l a i r & de Wit, 1976). For 
in ' i r e a S ° n t h e r e l a t i o n s h i p s between the decrease with time in amount of N 
0 f
 6 a f b l a d e s and the decrease of green area of leaf blades were examined. 
b u t
C 0 U r s e s u c h analyses w i l l not y i e l d r e s u l t s of fundamental s igni f icance , 
they may enable l e a f senescence to be r e l a t e d to the nitrogen economy 
l n




m e e x a
* p l e s w i l l be e l abora t ed , v i z . data from Expt IV, represent ing 
VA
 t e m P « a t u r e e f f e c t s in o the r experiments as well , and data from Expts 
a n d
 ' I , showing the impact of n i t rogen dress ings , thereby represent ing 
51 
green 
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c—d—1_ 
/' 
/ / • / / / / / / / 
Expt IE" «=A16 
+ =B22 
A = C 2 2 
a=D22 
1 1 L 
4 8 12 16 20 
mg N in leaf blades 
Fig. 12. The relationship between the decline of the green leaf area and 
the amount of nitrogen in the leaf blades. Data taken from successive har-
vest m all temperature treatments of Expt IV (main culms only). 
also Expt III. 
« J L £ V a l U 6 S a r e P l ° t t e d ° f Cm 9 r e e n a r e a P e r c u l m (ordinate) 
ces il n a m 0 U n t ° f n i t r 0 9 e n ° f t h e ^ ^ b l S d e S i n ^ as ° b t a i n e d i n s -
oZZl Z " a11 t r e a t m e n t S 0 f ExPt IV. A rather smooth pattern was 
such cut T ° f d i f f S r e n t t e m P e r a t u - treatments forming one curve. 
Such curves do not pass through the origin since there is a residual amount 
of «trogen left
 l n the leaf blades when green area is zero, 
the NI" and ^ ^ ^ ^ relationships for Expts VA and vi; only data of 
of I T , N\ t r e a t m e n t °f *** V A «e included in this graph. The curves 
Green area 't " * " " " b M l C ^ aS ^ « « *>»»* for Expt IV. 
but the n L 0 W a S S l m i l a r i n a 1 1 n i t r ° g e n treatments of Expt VA 
in\Z T l C O n t e n t S ° f l e a V 6 S W 6 r e h i g h 6 r f ° r * — nitrogen supply 
of VA
 N3 r e ^ i 1 S/ e f l e C t e d l n a ^-Placement to the right of data points 
ieaf
 ar aS a n T 1 ™ ^ ^ ^ ^ ^ « • -intained for all green 
ze:0 rd a tr;nrrth a :"Lw a s . o n i y M when—— 
(which lost all „ 1S m ° r e r esidual nitrogen left in leaves 
B«t».,„ «p.r l„n t a g ^ „ „ " L» f curvs a r a ™ l n Fl5- "• 
TM. c.„ b. i„f.„«a f r o n p o s i u « M " » •=««»"> a»ount of nitre». 
P sition of the curves i„
 Fig, 12 ,»d 13 relative 
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,f Exp tYA .=N1 
/ Ä = N 3 
/ ExptVI o = N1 
'/} + =N2 
J 1 1 L 
0 4 8 12 16 20 
mg N in leaf blades 
fig- J.J. i ne r e l a t i o n s h i p b e t w e e n t h e d e c l i n e of t h e green l e a f area and 
the amount of n i t r o g e n i n a l l l e a f b l a d e s p e r culm, as a f f e c t e d by n i t r ogen 
treatments i n Exp t s VA and V I . ( '• ) d a t a from Expt VA NI; ( - ) 
data from Expt VA N3; ( . . _ , _ ) d a t a from Expts VI Nl and N2. Al l 
curves were f i t t e d by e y e . The b r o k e n r e f e r e n c e l i n e s has a s lope of 5 cm 
green lea f p e r mg n i t r o g e n . 
to the r e f e r e n c e l i n e s . (These r e f e r e n c e l i n e s have a s lope i n both graphs 
o f
 5 cm green a r e a p e r mg n i t r o g e n i n l e a v e s ) . This means t h a t t h e r e i s no 
intimate l i n k be tween t h e amount o f n i t r o g e n i n l e a v e s and green l e a f a r ea . 
APPARENT PHOTOSYNTHESIS RATES PER PLANT 
I n t h e
 P h y t o t r o n E x p t s I I and IV, t h e p h o t o s y n t h e s i s r ecord ings could 
b e p e r f o r m e d i n t h e g r o w t h rooms . The p l a n t s had t o be moved to a spe-
««1 measurement c e l l w i t h an o t h e r l i g h t s o u r c e t han i n t h e growth rooms. 
6 r e s u l t s i n d i c a t e d t h a t t h e amount of PhAR i n t e r c e p t e d dur ing measurement 
*"
8 t h a V e b e e n f a r g r e a t e r t h a n d u r i n g growth i n Expt I I . For t h a t reason 
° t ° s y n t h e t i c r a t e s were t r a n s f o r m e d i n t o r e l a t i v e r a t e s by a s s ign ing the 
*
 UB 1 0
°
 t o t h e maximum r a t e , which was measured i n Expt I I 15 a t 4 days 
**
 a n t h e s i s . F i g . 14 shows t h e t i m e c o u r s e s of appa ren t r e l a t i v e photo-
£ S1S r a t e s o f a n t r e a t m e n t s of Expt I I . In t h i s experiment photosyn-





 t h 0 U 9 h t h e
 d e f e r e n c e b e t w e e n E x p t s I I 15 and I I 20 was only smal l . 
v h e n T * " 2 ° a n d " 2 5 t h e a c c u m u l a t i o n of d r y m a t t e r i n the ea r s ceased 
Thes r e l a t i v e P h o t o s y n t h e s i s r a t e s were s t i l l 33% and 29%, r e s p e c t i v e l y . 
of v e j ^ 6 8 C l e a r l y d e m o n s t r a t e t h a t e a r m a t u r a t i o n preceded senescence 
a t i v e p a r t s i n t h i s e x p e r i m e n t . 
bette I V t h e U 9 h t é d i t i o n s d u r i n g measurement and growth na tche 
r s c o J t h S r e W a s n o d i s c r e p a n c y be tween growth d e r i v e d from C02 exchang 
^
 a n d
 T o » g rowth a n a l y s e s . T h e r e f o r e F i g . 15 shows abso lu te appa-
53 
Rel. rates of 
photosynthesis 
% 
Expt II o = 15°C 
+ = 20°C 
v= 25°C 
1 0 4 10 12 16 Ï9 24 26 33 3735 47 52 54 
days after anthesis 
Fig. 14. The pattern of change with time of the relative rate of apparent 
photosynthesis, as affected by temperature in Expt II. Values of 100% were 
assigned to the rate measured in treatment II 15 at 4 days after anthesis. 
All recordings were made at a similar level of radiation. 
rate of photosynthesis 


















10 182023 25272932 36 41 t s 
days after anthesis 
• p n t I T : : K n 9 e a f t S r a n t h e S l S i n ^ - r e n t photosynthesis 
at a sLuar level'
 f I ^ " ^ i n * * * "- All recordings were made 
level" r a d l a t l ° n <Wroxl». toiy 0 . 6 j . ^ . ^ - l p h A R a t e a r 
rent photosynthetic rate<? nf =n *. 
156 plants.*"*
 ( 3 1 2 e a r s L ^ *" °* ^ ^ ^ ^ < t o " l t y W " 
were eguivalent to 30
 k g C O h a " " ^ " Î T P h ° t O S ^ t h e t - » * . . measured 
time in treatment IV Al!
 dTff „ ' °V e r a 1 1 P a t t e t n ° f C h a n g e W i t h 
the photo.wth.tlc rate -*stantially from that in II 15 in that 
after a n t h e l ^ f t e T t h T ï T Ï T " " ^ " ^ * * * " * « " ^ 
of Plants
 f r o m xe^C t o 22oc 'f0111160 a t a g U i t S C — ^ « f • 
and
 D 2 2 ) h a d n o Mediate e f f e c t o rnSPeCt iVe " * " * " ° f ^ ^ ^ ^ ^ 
spicuous temperature effect ^ " ^ p h o t o s ^ h e s i s . The most con-
effect was an earlier onset of the stage of rapid de-
rate of photosynthesis 
(mgC02. plant " V ) 
E x p t ¥ A - = N 1 
+=N2 
v=N3 
1 7 14 21 28 35 42 49 
days after anthesis 
Fig. 16. The pattern of change in apparent photosynthesis per plant after 
anthesis, as affected by nitrogen treatment in Expt VA. All recordings 
were made at a similar level of radiation (approximately 0.6 J-cm >min 
PhAR at ear level). 
cline of photosynthesis. This phenomenon is nicely depicted for treatment IV 
D22 as compared to IV A16 (Fig. 15). 
In Expt VA (plants in pots outdoors) measurements of photosynthesis were 
performed at constant irradiance throughout the grain-filling stage. Fig. 16 
reveals that there were only marginal effects of nitrogen treatment on ap-
parent photosynthesis in this experiment. Only an earlier decline in photo-
synthesis was apparent at the lowest level of nitrogen nutrition. It is of 
interest to note that the overall pattern of change with time in photosyn-
thesis resembled that in Expt IV. There was an equally long period after 
anthesis during which photosynthesis remained rather stable, followed by a 
stage of continuous decline. Plant (culm) density was 455 plants-m in 
Expt VA. Thus it can be derived from Fig. 16 that under the conditions of 
measurement the highest measured photosynthetic rates of the micro-canopies 
were equivalent to about 50 kg C02'ha *h 
3.7 DATA ABOUT RESPIRATION 
3. 7.1 Outline of data presentation 
During grain filling the time courses of respiration were generally simi-
lar for each organ in all low temperature treatments. Just to provide a gene-
ral picture of respiration, the change with time will be shown per organ from 
a representative experiment. 
Next, respiration rates of individual organs will be compared when ex-
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pressed on several reference bases. Of course this approach will not yield 
much insight in the factors controlling respiration. It was adopted just to 
roughly relate respiration to various crop attributes. It does provide a 
rather suitable way to show the differences between experiments and treat-
ments, too. Furthermore, some reference bases will be shown to provide a 
better guess about the level of respiration than others. In the first in-
stance data will be tabulated from each experiment and treatment grown at 
15 C or 16°C or outdoors (measured at 16°C). From all treatments one obser-
vatxon was made in the interval between 7 and 11 days after anthesis and 
thus these were selected. Anthesis would have been a more obvious check 
Hilt' 71 t h e r e are n° r S l i a b l e d a t a a v a i l a b l e rrom each treatment at that stage of development. 
3.7.2 Changes with time in respiration per organ 
areAd:::;rr^ s;7 i r e courses was obtained in ^ v * »• —• 
and reach.,, resplratxon increased in rate after anthesis 
UnVperiod
 h 7 " ^ ^ » ^ to one-third of the total grain-fil-i : L iirssed-Thereafter a graduai deciine —*• - — «*-
ax -ZXàzr;::™ re showed oniy a s i i g h t — - — 
ments a ararf„al „ , decrease toward maturity, m other experi-it tu, ie ; ; 0 J \ ; : : T S observed from shortiy •«« •»*"*• — 
shown t h a t the p a t t e r n of l ea f laminar r e s p i r a t i o n mirrorred 
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closely the time course of the green area. The respiration rate of stems 
and sheaths decreased markedly during the first one or two weeks after 
anthesis, followed by a long-lasting stable phase until maturity. The term 
'plateau value' in this paper refers to the rate of stems and sheaths respi-
ration during that stable phase. Generally, root respiration declined gra-
dually throughout the kernel-filling period. 
3. 7. 3 Ear respiration 
Table 23 contains the ear respiration rates of all treatments grown at 
15°C, 16°C or outdoors as obtained on a sampling date between 7 and 11 days 
after anthesis. Respiration rates ranged between 0.49 and 1.17 mg CO.,-ear"1 
•h with an average rate of 0.8. Corresponding figures per gram ear dry 
matter^were^between 0.95 and 2.00 mg CO^h" 1 with an average value of 1.48 mg 
C02-g DM-h" . The wide range in specific respiration values indicates that 
the dry matter mass as such was not a predominant determinant of the inten-
sity of respiration. The same held for nitrogen content. For, when expressed 
per gram nitrogen, respiration ranged between 49 and 109 mg CO -h_1, the 
average being 79 mg CO^g^N-h" 1. Per unit ground area ear respiration 
amounted on average to 348 mg a y m " 2 ^ " 1 ; the highest and smallest figures 
encountered were 410 and 271 mg CO^nf 2-^ 1, respectively. Expressed per 
kernel the figures varied from 13.79 to 22.05
 Mg CO.• kernel"1.^1; the aver-
age value was 18.43 Mg CO -h . 
The coefficients of variation at the bottom of Table 23 were large, viz. 
14-23%. The variation in ear respiration shortly after anthesis was smallest 
when related to unit ground area or to the number of kernels per ear (counted 
on later sampling dates). 
3.7.4 Respiration of leaf blades 
Table 24 shows leaf laminar respiration rates from treatments grown at 
16 C or outdoors and measured on a sampling date between 7 and 11 days after 
anthes.s. The total mass of leaf blades of one culm respired on average 
0.64_mg CO, per hour; the highest and lowest values were 0.76 and 0.31 mg-
culm -h . Expressed per gram leaf DM respiration amounted to 1.27 mg CO,-
a-1 2 ,a-Vira9e; ^ e X t r e m e S W 6 r e °-57 m g C02-9_1 ^-h" 1 and 2.04 mg CO,-
L J T •*; C°rreSpondin9 f i ™ P « gram nitrogen were in a range from 
Trll\V1T,an.aVeia9e °f 4 4 m 9 C°2- g N-h_1- calculated per unit ground 
and nilTf, T " 'BBpilAtim ""»»** t o " 2 mg C O ^ - h " 1 , with lowest 
y S S r i T H ° f 1 4 4 m 9 C V n r 2 - h " 1 « " 346 mg ^ . ^ - l ,
 respective-
area^" H ^ ' T "*» " V a r l e d b e t W e e n "•* »* ^ - J green re h ^
 and 98.7 mg - 2 green ^ ^ ^ ^ * 2 2  
area-h as an average. 2 ^ 
within
 Expts m and VA the „, of carbon d.oxide resp.red per hour 
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by the total mass of leaf blades of one culm varied little between nitrogen 
treatments. In these experiments respiration was smaller, the higher the 
nitrogen dressing when expressed per gram nitrogen. The latter held also 
for the two N dressings of Expt VI. 
The coefficients of variation were large, irrespective of reference base 
(20-37%). The smallest variation was found when leaf respiration was related 
to its green area, although the coefficient of variation at the bottom of 
Table 24 is not too convincing (20%). This high value is due to the extreme 
value measured in Expt VB at 7 days after anthesis. On subsequent sampling 
dates far smaller values were found, m fact, leaf laminar respiration was 
fairly stable throughout the grain-filling period when related to green area 
(16 C, outdoors), only during the last week or so did the green area drop 
relatively faster than the respiration rate. Data from this period were ex-
cluded from the calculations in Table 25, which shows that averaged over ex-
periments and treatments, leaf laminar respiration at 16°c amounted to 68 
<± 3) mg C02.m green area-h"1 during most of the grain-filling period. 
llZaged "-I a11 ^ ^ POil\tS °f t r e a t m-ts kept at 22°C, this value was 
84 mg « y . green area-h"1.
 T h e difference in leaf respiration per unit 
1 « a.rr I 1 1"" 1 3 t h a t l n the l 0 n g t 6 r m t h e *»Peratare coefficient was 
•43 (though not really appropriate, the temperature coefficient was quoted 
as
 «lo)-
3.7.5 Respiration of stems and sheaths 
never Z T ^ l T " ^ ^ ^ m e a s ™ * s , ^ems and leaf sheaths were 
never separated, but always treated together 
rates" f r o T / ' T *"* ° f ^ ™ ^ ^ S t e m a n d s h e a t h s respiration 
P inÎ date bet ' T *™* " 1 5 ° C ' 16"C ^ °Utd°°rS' — d « * • -
L w en o
 33;g
Wece0n.h-and "IT"5 a f t e r a T e S i S - A b S O l U t S — » » * " =« u.oj mg co,-  and 0.99 ma en .h'1. „ 
leaf sh^ t-hc ,- • . 9 1 2 h ' o n average one stem plus its 
1 M I
 sneaths respired 0.62 ma rr> .v,"l ~ 
and sheath«, « «. • 2 " E x p r e s s e d Per gram dry matter, stem 
ana sneaths respiration amounted to 0 39
 m a m h~l ,_ ,, + 
and highest values were 0.21 mg CO . £ DM h ^ \ n aVSra9e' -Ï ~\ 
g L U2 g DM h and 0 . 5 1 mg CO,•g X DM-h , 
l6oc eaS- 220c n l e a f b l a d e " * * » « « per unit area green throughout kernel f i l l i ng at 
Experiments Temperature Number of
 m e C0 -m"2 , * -1 
treatments observa- 2 g r e e n l e a f a r e a ' h (°C) tions 
JH. IJ, VA, VB, VI 16, outdoors 49 
mean 95% confidence coefficient 
interval of variation (%) 
22 it 68-2 65.0-71.5 
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respectively. Corresponding figures per gram nitrogen were 31 mg C02-h_1 
with a range between 21 and 46 mg carbon dioxide per gram N per hour. In 
Expts III, VA and VI there was at least a tendency towards lower values, the 
higher the nitrogen dressing. On average stems and sheaths respired 262 mg 
C02 per unit ground area per hour, the smallest and highest values were 
152 mg-m -h" and 355 mg-m"2-h-1, respectively. Judging from the coeffi-
cients of variation at the bottom of Table 26 stem and sheaths respiration 
shortly after anthesis varied considerably between experiments and treatments 
irrespective of reference basis. 
After 1-2 weeks after anthesis the rate of respiration of stems and 
sheaths was fairly stable within each treatment (cf. Fig. 17 and Appendix D). 
The figures in the three right hand colums of Table 26 represent stem and 
sheaths respiration rates averaged over the whole period of stable CO,, ef-
flux (plateau values). Each figure is a mean of several observations in time. 
When expressed per culm the mean stem and sheaths respiration rates bearing 
on most of the grain-filling period were practically equal to the values mea-
sured between 7 and 11 days after anthesis. This indicates that the stage of 
stable carbon dioxide efflux from stems and sheaths had commenced between 7 
and 11 days after anthesis in most experiments. Only in Expt VB (field crop) 
was a stable rate of stem respiration reached at a somewhat later point in 
time^different figures in the two parts of Table 26: viz. 0.40 mg CO,-
culm -h and 0.31 mg C02-culm~1-h"1 ). 
The dry weight of stems and sheaths varied considerably during the grain-
filling period, due to changes in water-soluble carbohydrate (WSC) contents. 
Therefore plateau values were related to DM minus WSC. The coefficient of 
TZT7 °f St6m and S h e a t h S r e s P i r a t i o n Per gram DM-WSC seems rather small 
fr!m ;h .WSC d a t a W e r e n 0 t a V a i l a b l e f r ° m *** VI. and when figures 
from this experiment are included in the calculation, assuming a WSC con-
clue L I T 15° m9'9 DM' t h e C O e f f i c i-t »f variation would rise to a 







 CV*-Wwsc).h-l and 0.30 mg « y g"1 lDM-WSC)-h in EXDt VT Ml =*>* „, 2 
p t V1 N 1 an<* N2, respectively. 
'in 'iL To^ZT °f temPerat^ °" -Potion »tes of stens an,
 Mt*s 
tionTslL* anl ? b m t y d U r i n 9 m ° S t °f t h S ^»-filling P«iod r..pi»-
^^nx;^-s ; " ™ to —the effect of 
sheaths, averaged over the TtablT , r S S p i r a t i ° n r a t e s o f stemS 
— t . . It can be seen tnat tne o P 6 r i * " ^ " ^ ^ ^ ^ *"•*" 
Plants were moved from le'c t ^ ° C ? " T " * * ' " ^ ' " « ^ ^ 
and sheath respiration rate at 22»c T , * " ^ S t a b l e ^ ^ 
IV, amounted to 0 57 (± o „,, calculated with data of Expts III and 
(± 0.09)
 m g co2.g l(DM.wsc).h-l_ C o m p a r e d t o a figure 
and 
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Table 27. Long-terra effect of temperature on plateau-values of 
respiration of stems and sheaths as Q1Q values. 
Experiment and 
II 15 and II 20 
II 15 and II 25 
III Nl-16 and III Nl-22 
III N2-16 and III N2-22 
III N3-16 and III N3-22 
IV A16 and IV B22 
IV A16 and IV C22 
IV A16 and IV D22 
subsidiary treatments 
in VI Nl 
subsidiary treatments 
in VI N2 


















of 0.46 at 16°C this result indicates a Q10 of 1.43 in the long term; a 
similar value for the long-term temperature coefficient was found for respi-
ration of stems and sheaths at different temperatures in Expt II (Table 27), 
as well as for leaf laminae (Subsection 3.6.6). 
3.7.7 Root respiration 
Table 28 contains root respiration rates from treatments kept at^ 15JC 
or 16-c.or outdoors, measured at a sampling date between 7 and 11 days 
anthesis. j
 c 11 mrr 
in absolute amounts, root respiration varied between 0 46 andJ5.ll »g 
«yroot-l.»-!. This means a ten-fold ™ < ™ » £ " p ^ -
ever it should be considered that the values ° f ^ ^ ^ ^
 t w o s h 0 0 t s 
ably higher than in other experiments, because one root sustai 
in these trials and only one in the other experiments. -
When related to root dry matter, respiration varied from ^ ^ * 
M-h-1 to 2.58 mg CCy^DM-h"1. Specific respiration rates o thnutr ent 
culture experiments \l and IV were substantially higher than x», pot «peri 
-, it mr, m -a DM-h in the latter expen 
' ^ n ^ m e n t s root respiration per gram 
52 mg C02.h- and U S mg C O ^ , with an average figure o 7 m h 
responding figures per square meter were in the range of 209 
368) mg C02-m~2-h~ . respiration in 
The last column of Table 28 shows the proportion of root respx 
total plant respiration on the sampling dates considered. In Expt 
Table 28. Root respiration rates shortly after anthesis in treatments grown at 15°C, 16°C 
















































































Refers to Expts VA and VI 
fraction was extremely high, viz. 0.54. m the other experiments it ranged 
from 0.17 to 0.34. With respect to this attribute, the nutrient culture ex-
periment II did not deviate from pot experiments. 
on in the short term 3.7.8 The temperature coefficient of respirati 
a ™2 lnSt;ntaneous e«ect of temperature on respiration was determined in 
record r ^ " ^ ^ ^ ^ *"* P U r p ° S e t h e c a r b o n « * « « "tes were 
ollZT l n d l V l d U a l S a m p l e s a t t w° temperatures differing bij 4-7°C. The 
ples eltiv 9 eo 0 f ten;PeratUreS t e s t e d wa* between l4°C and 27°C. A rather re-
trelZtT "J W a S a b ° U t 2-2 l n N a t i v e organs, irrespective of 
ö Tor "'ar396' ^ ° r 9 a n' ^ ^ ^ ' « ^ etc.. It appeared that the 
Jresumablv t h r e S P i r a t l 0 n " " ^ ^ 8"aller i n t h e s e t e sts, viz. 1.7-1.8. 
h^theV 7S d U e t 0 t h e f a C t t h a t n 0 t a11 ° f t h e ^nse ear tissue 
reached the new temperature. Mor P n Wr t-v, measuring cuvette. Moreover, the ears were densely packed in the 
^oToTTZ'T °VeSpiration r a t e s *» low temperature treatments with 
of :L highet^^T""*" (meaSUred 3 feW ^  a£ter imPOSiti0n 
to be c a i L i a t i r r ; : : ; 1 h t : ;iso;;rionai est imates for Q - vaiues 
2.4 and often close to
 2 2 T W „
 10
, ^
 W e r e i n t h e r a n ? e o f 1'8 t0 
These data suggest tha.' T " " ^ ""' f ° r " " • 
- , or even a « a f M g ^ r " ^ ° " " «10 ^  °< 
during grain fining, a t l e a s t ^ ^ " T ^ " ^ " " ° f ^ 
and stems and sheaths,
 i t m i g h t b e ^ T ^ A s S h ° W n f o r l e a f b l a d e S 
6 S a f e r
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Fig. 18. Treatment effects on the change with time in whole plant respi-
ration rates. Data from the nutrient culture Expts II and IV displayed in 
(a) en (b), respectively, show the effects of air temperature on respira-
-2 w-1 
m tion; 10 mg CX>2 • plant
-1
-h""1 is equivalent to 1.56 g C02« 
of nitrogen treatments in Expts VA and VI; 3 mg CO^plant^-h 
lent to about 1.4 g C02-m"2-h-1. 
-1 
. (c) Effects 
is equiva-
to 1.5 for the 'long term', at least when comparing fixed temperature 
treatments. 
3.7.9 Treatment effects on changes with time in total plant respiration 
rates 
Temperature effects on the time courses of total plant respiration rates 
in Expts II and IV are depicted in Fig. 18a and 18b, respectively. Respira-
tion was enhanced following a transfer from a lower to a higher temperature. 
When the transfers were made early after anthesis (Expts II 20 and 25, 
Expt iv B22), respiration rose relatively more than after late transfer 
(Expts iv c and D22). The initial temperature enhancement of respiration 
was smaller in Expt IV than in Expt II. This is plausible, because root 
respiration constituted a larger part of total plant respiration in Expt IV 
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than in Expt II (roots always kept at the lowest temperature). As time pro-
gressed temperature effects on respiration diminished, or even reversed, as 
plants aged more rapidly at higher temperatures. 
Fig. 18c depicts the changes with time in total plant respiration rates 
as affected by nitrogen treatments in Expts VA (solid lines) and Expt VI 
(broken lines). Initially there were no differences between the nitrogen 
treatments of Expt VA. However, between two and six weeks after anthesis 
total plant respiration rate was about 10% lower in the Nl treatment. The 
same trend could be observed for separate aerial organs, although not as 
marked as appeared in Fig. 18c for the sum of measurements on individual 
organs. Shortly after anthesis there were considerable differences in total 
plant respiration rates between the two nitrogen treatments of Expt VI; 
these difference became even bigger as time progressed. Until green areas 
started to differ, total shoot respiration rates did not differ systemati-
cally between nitrogen treatments of Expt III (data not shown). 
In all cases displayed by Figs. 18a-c, total plant respiration rates 
declined gradually with time. At ear maturity respiration still proceeded 
at a rather high level, but was bound to decline soon after recordings were 
discontinued. 
3. 7.10 Effect of radiation on respiration rates of stems and sheaths 
In the first series of the subsidiary treatments of Expt VI, recordings 
were made of the respiration rates of stems and sheaths; measurements were 
made on the third day after the imposition of three radiation levels and 
two temperatures. The results are given by Fig. 19. when expressed per culm, 
stem respiration was higher at the highest of both nitrogen dressings (equal 
ear densities). This was also found in the main treatments of Expt VI 
lnPth Z r,eSPirati0n r a t e s i n t h e Nl treatment about 20% smaller than those 
ments th ^ ^ T h e r e W a s a n effect, of temperature; for most treat-
' s ! a t
 d
temPeratUre
 « » « ^ « t , . quoted as Q1Q w a s about 1.25. There was 
also a tendency towards higher respiration rateï with higher levels of radi-
radlaiionT^' ^ ' " ^ ° f r a d i a t i ° n W a S " t h e r s m a " considering that 
were m de i T t ^ " ^ ° f ^ ^ ^ ^ tr-tments, and that recordings 
were made on the third day after imposition of treatments. 
3. 7. U Miscellaneous respiration data 
des0thaatfewWereCnaeSai0nS ^ " * ^ ^ ^ -tes were recorded in leaf bla-
one of the
 r e DlT ? ° 9 C ° m P l e t e 8 e n e " « « ~ - Such peaks usually showed up in 
that iz^-i:^; :::: zz^ ryth This gives the i m p r e s s r 
peculiar, but very systematic, fluctuations were observed in 
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E x p t ï l 
o • =N1 ,16 and 22°C,respectively 
* * =N2,16and 22°C,respectively 
respiration rate 


















L1 L2 L3 
radiation 
Fig. 19. Effects of temperature and radiation on respiration rates of stems 
and sheaths in the subsidiary treatments of Expt VI. Recordings made on the 
third day after imposition of treatments. LI, L2 and L3: 0.17, 0.32 and 0.54 
J-cm -min" (PhAR) with 22 hours day length. Conditions of main experiment: 
16°C, 0.6 J-cm"2-min_1 (PhAR) with 16 hours day length. 
rates of respiration of roots and of stems and sheaths. Respiration in both 
organs oscillated with frequencies of several days. Relatively high stem 
and sheaths respiration was always accompanied by relatively low root res-
piration and vice versa (cf. the data in Appendix D). The oscillations were 
observed in all treatments. The fluctuations did not relate to addition of 
N03 t o t n e root medium, nor to pH adjustment. 
In Expt IV the relationship was examined between the respiration rate 
and the amount of soluble protein in leaf blades, stems and sheaths, and 
roots. Observations were made on 5 occasions between 14 and 45 days after 
anthesis. For each organ, there was no close association between respiration 
and soluble protein. Between organs, respiration per gram soluble protein 
differed widely. At 14 days after anthesis, for instance, leaf blades, stems 
and sheaths, and roots respired 19, 38 and 269 mg C02 per gram soluble pro-
tein per hour at 16°C, respectively. 
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4 Discussion 
4.1 TREATMENT EFFECTS ON PLANT PERFORMANCE 
Courses of total dry matter (DM) accumulation suitably illustrate the 
integrated treatment effects, composed of effects on photosynthesis, respi-
ration, grain growth, leaf senescence and accumulation and depletion of 
water-soluble carbohydrates (WSC), on plant performance. 
Fig. 20 depicts the changes with time in total dry matter (of main axis 
+ side tiller + root) and of total non-grain dry matter as affected by 
temperature in Expt IV. Between 10 and 28 days after anthesis the rate of DM 
accumulation was 148 mg-planted"1 in IV A16, while it amounted to 129 mg-
plant -d in treatment B22. During the first 9-days intervals after each 
of the two successive transfers from 16 to 22°C, the negative impact of tem-
perature was in the same order of magnitude: e.g. between 20 and 29 days 
after anthesis, the growth rate was also 129 mg DM-d"1
 i n IV C22, whilst 
still 148 mg-plant-1-d"1 at 16°C. 
A decrease of about 13% in the rate of increment of total DM at 22°C re-
lative to 16°C is plausible in view of results of carbon-exchange recordings, 
initially after imposing 22°C, apparent photosynthesis rates were not really 
affected (Fig. 15), but warmth enhanced night respiratory carbon losses 
(Fig. 18b). AS time progressed the differences in respiration rate per plant 
diminished between temperature treatments, but at the same time differences 
an apparent photosynthesis increased. Ultimately, dry matter accumulation 
dry matter 
(g.planf1) 
1 3 f Expt IYA16=' . 








i Hi 1820 2729 ywttts 
days after anthesis 
Jnon-grain DM 
"58 
^llT^l^ZT™on the change with time of totai ^matter 
Plants). n° n-9 r a i n dry matter per plant; data from Expt IV (whole 
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stopped earlier, the earlier the transfer from 16°C to 22°C was made, as 
warmth enhanced senescence; the latter is reflected in a smaller LAD (Table 
22). 
Initial temperature effects on total dry matter gain were rather small, 
which indicates that the dynamics of storage and metabolization of WSC must 
have been different between temperature treatments. As structural growth of 
the vegetative parts ceased soon after anthesis (Subsection 3.4.4) the dif-
ferences between treatments in non-grain total dry weight (Fig. 20) repre-
sent differences in amounts of WSC per plant. Thus it can be deducted that 
at 16°C, accumulation of WSC occurred throughout the grain-filling period, 
except during the last sampling interval prior to maturity. Some accumula-
tion of WSC occurred early after initiation of treatment B22, but the general 
picture is that reserves were metabolized after imposition of the higher 
temperature. These features were shown more directly already by the time 
courses of the amounts of WSC in stems and sheaths (Fig. 8c); the differences 
in patterns of change between WSC contents of stems and sheaths and total 
non-grain dry matter (Fig. 20) are mainly brought about by the enormous ac-
cumulation of carbohydrates in the roots in this experiment (Fig. 9b). 
In Expt II the rates of total dry-matter production per plant (main 
axis + side tiller + root) was about 100 mg DM-plant~ -d" in both II 15 
and II 20. This figure bears on the period between 10 and 47 days after 
anthesis; that is the period between transfer from 15°C to 20°C and ear 
maturity in II 20. As the integration of the green area per plant (in cm ) 
and time (in days) gave a similar figure for both treatments over this 
period (Table 22), no or only small temperature effects on dry matter gain 
would appear reasonable at first sight. However, in view of temperature 
impact on carbon exchange, similar to the pattern described for Expt IV, 
one would expect a somewhat smaller increment in dry matter at 20°C in com-
parison to 15°C. 
A slight effect of temperature on the rate of dry matter gain in Expt II 
implies differences between the 15°C and 20°C treatments in the dynamics of 
storage and depletion of WSC: grain growth was initially faster at 20°C, so 
WSC were metabolized (Fig. 8a); later grain growth rates were smaller at 
20°C and then more reserves were stored than at 15°C (beyond about 25 days 
after anthesis Fig. 8a). 
Fig. 21 depicts the time courses of total DM accumulation as affected by 
temperature and nitrogen treatments in Expt III. Root dry weights and the
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cumulative dry weights of regrown side tillers are included in the total 
dry weight. The curves were drawn excluding the points obtained at 9 and 10 
days after anthesis, because the relatively high dry matter weights observed 
at those dates, were mainly caused by a transient and unexplained peak in 
root dry weights. 
Initial effects of temperature on total dry matter gain were small, as 
was found in Expts IV and II. The rate of DM accumulation slowed down ear-
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Fig. 22. Effects of nitrogen treatments on the change with time in total 
dry matter per plant and in non-grain dry matter per plant; data from Expt 
VA (lines drawn through point of the N2 treatment only). 
and of total non-grain dry matter was affected by nitrogen treatments in Expt 
VA. Until 22 days after anthesis there were no differences between treat-
ments in total DM nor in total non-grain DM. The differences beyond that 
date are not of systematic nature and might reflect an increasing inter-pot 
variation, due to the cumulative effects of «little accidents» happening to 
the plants. The amounts of WSC present in stems and sheaths were about equal 
at the beginning and end of the grain-filling period, both within and be-
tween treatments. 
In Expt VI plants of the two nitrogen treatments differed in many attri-
butes. Between 4 and 48 days after anthesis the rates of total dry matter 
accumulation amounted' to 25 and 38 mg DM-plant-1 -d" in Expts VI Nl and 
N2, respectively. 
4.2 THE ROLE OF TEMPORARILY STORED ASSIMILATES 
4.2.1 Contribution to grain.yield 
The rate of DM accumulation in grains is generally not equal to the con-
current rate of substrate production; in other words: usually there is no 
steady state. 
"Sink strength» of ears and of vegetative parts is small around anthesis; 
i.e. during the very ontogenetic part of grain filling, when the highest 
possible photosynthetic rates can be achieved (present experiments; de Vos, 
1977; spiertz & van de Haar, 1978). The excess of carbohydrates is stored 
in the vegetative parts, in particular in stems (and leaf sheaths?) (pre-
sent experiments; and, for example, Spiertz & Ellen, 1978, Spiertz & van de 
Haar 1978, Apel & Nâtr 1976, Gallagher et al., 1976 and many other reports). 
During later stages of grain filling, or at relatively high 
temperatures, grain growth rate can exceed net daily photosynthetic substrate 
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production. Under the latter conditions grain growth can be sustained by 
substrate sources other than concurrent production. These substrates were 
produced either before or after anthesis. 
The last few decades, many researchers have been intrigued by the question 
of the role of temporarily stored assimilates with respect to yield formation. 
The apparently easiest assessment of the pre-anthesis assimilate contribution 
to grain yield is obtained by the calculation of the ratio between the weight 
decrease of stems during grain filling and grain yield (Gallagher et al., 
1975). Although the bulk of the dry weight of vegetative organs and reserve 
carbohydrates are located in the stems it is in principle better to base 
the calculations on the weight decrease of all vegetative aerial organs, 
as was done by Gallagher et al. (1976). In their papers Gallagher et al. 
reported cases for barley where the pre-anthesis contribution exceeded 50%. 
This growth analysis method has its shortcomings. In the first place the 
bulk of the proteins, found in grains at maturity, constitute already a part 
of the crop dry weight at anthesis. The weight of the relocated proteins 
represents a minimum contribution of pre-anthesis assimilate to grain yield, 
even when for more than one possible reason no net change in non-grain shoot 
dry weight is observed between flowering and maturity. The contribution of 
relocated protein can be calculated with the following general formula: 
(axb) x (l-c/d), 
where 
a = the final nitrogen concentration in grain tissue (%), 
b = the conversion factor between nitrogen and protein," 
c = the fraction of total nitrogen taken up after anthesis, 
preferably corrected for nitrogen depletion of roots, 
d = nitrogen harvest index. 
Substitution of representative values for a-d of 2.1, 5.7, 0.25 and 0.7, 
respectively, yields 7.7% 'pre-anthesis contribution' to grain yield from 
relocated protein. The maximum possible value equals the grain protein con-
centration; this is under conditions where no additional nitrogen was taken 
up after anthesis. Most of these parameters can be measured rather simply, 
requiring only a limited number of samples to be taken 
in the present experiments the minimum contribution to grain yield due 
in *ZTZ " l 0 C a t i ° n « i - ^ e d with the general formula amounted to 12.3% 
îô-lTin VA £ % ln E X P t m N1-16' 9 ' ^ i n IV A16, 9.8% in IV B22, 
n 12- ' % ln VB (field•""»>••«* ».!% in Expt VI i . 
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In order to test changes in structural dry weight one could measure the 
crop's total amount of cell wall constituents, for instance at anthesis, 
about two weeks later and at maturity. 
Other workers have made inferences about the contribution of temporarily 
stored assimilates to grain yield from (combined) data about stem respiration, 
and/or the (re)distribution of assimilated 14C and/or the dynamics of storage 
and metabolization of water-soluble carbohydrates. Relevant studies are 
those by Wardlaw and Porter (1967), Rawson & Hofstra (1969), Rawson & Evans 
(1971), Apel & Nâtr (1976), Austin et al. (1977b), Bidinger et al. (1977), 
Makunga et al. (1978), Spiertz & Ellen (1978) and Austin et al. (1980). 
However, in most attempts it was not possible to construct a complete 
picture of production, storage and utilization of assimilates. To arrive 
at some estimates for relocation assumptions had to be introduced for 
the rates of one or more component processes. Most figures ranged between 
5% and 20% of the pre-anthesis assimilate contribution to grain yield. 
A shortcoming of all the methods employed to tackle the problem seems 
to be that post-anthesis substrate production is implicitly underestimated, 
because no allowance is made for conversion losses of substrate in the ear. 
In the present experiments these respiratory losses constituted about 
20-40% of the increment in grain dry matter over the period between 10 days 
after anthesis and ear maturity. This means that per gram increment in ear 
dry matter, on average about 0.3 g glucose has to be produced concomitantly 
to meet the energy requirement of the entire ear. 
Whatever the approach to the problem of various authors there is concen-
sus on one point in the literature, namely that the contribution to grain 
yield of non-concurrently produced assimilates is relatively larger under 
adverse conditions, like heat, drought and sub-optimal nitrogen supply. In 
the present experiments, also, there was a smaller spare production of car-
bohydrates at higher temperatures and with lower nitrogen dressings. It is 
worthwhile to note that a greater relative contribution of stored assimila-
tes under adverse conditions does not necessarily imply the involvement of 
greater quantities of material. 
One can take the view that it is irrelevant to calculate the contribution 
to grain yield of non-concurrently produced assimilates more accurately than 
has been done up to now. Key questions that deserve a higher priority are 
whether high carbohydrate levels invoke either an inhibition of concurrent 
Photosynthate production or an apparently wasteful combustion of carbohy-
drates. If such negative impacts do not occur under field conditions, high 
reserve levels (up to about mid-kernel filling) can be considered as useful 
and benificial. Of course this does not apply to cases where high reserve 
levels are due to growth limiting conditions (e.g. nitrogen deficiency or 
too few kernels). 
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4. 2. 2 Sink-source relationships 
Several workers have reported a dependency of the rate of photosynthesis 
(of the flag leaf) of wheat and barley on the rate of ear growth (King et 
al., 1967; Evans & Rawson, 1970; Rawson & Evans, 1971). 
Other workers have concluded that photosynthesis was independent of the 
rate of assimilate utilization by the ear (Apel & Peisker, 1973; Apel et al., 
1973b; Austin & Edrich, 1975). Rawson et al. (1976) found an association be-
tween the photosynthesis rates of the upper two leaves and the assimilate 
requirement of the ear (altered by DCMU or partial sterilization) only when 
the tiller culms were kept defoliated. 
In the present experiments stem respiration rates were stable during most 
of the grain-filling period. Apparent photosynthesis rates were more or less 
constant for about 4 weeks after anthesis in Expts IV and VA (whilst the 
earlier decline in Expt II will be shown to be related to a different pat-
tern of leaf senescence (Subsection 4.3.2)). However stem carbohydrate le-
vels changed considerably during the period of stable rates of photosynthe-
sis and stem respiration. These findings indicate that neither accumulation 
of WSC, resulting in WSC proportions of 250-400 mg-g-1, nor metabolization 
of WSC invoked feed-back on either production or utilization of assimilates 
in aerial organs, it is of interest to note here that a possibly too high 
osmotic pressure is apparently avoided by conjugation of momomers (Subsection 
3.4.3). 
A discussion on sink-source relationships should also touch upon the im-
pact if any, of the WSC concentration in vegetative organs on grain growth 
rates. This relationship will be dealt with
 i n more detail in Subsection 
4.6.4, there xt will be concluded that the grain growth rate is largely 
^responsive to carbohydrate concentrations if the latter exceed some 
threshold value. 
The results of the present experiments strongly suggest that water-soluble 
carbohydrates can be regarded, indeed, as a true reserves. The level (con-
ITli T T " d 6 P e n d S °n t h e " ^ ° f P"*«ction and on the rate of uti-
Th f' 17, I' W h i C h are r e g U l a t 6 d b y d i f f e r e n t -chanisms. 
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tion with data taken from Expt VA NI bearing on the first two weeks after 
anthesis showed that here storage was 23% of utilization. 
4.2.3 Carbohydrate economies of spring wheat and winter wheat 
The winter wheat crops, described by Spiertz & van de Haar (1978) were 
grown at 50 m distance from the spring wheat crop, designated Expt VB in 
the present study. Around anthesis the WSC concentrations in stems and 
sheaths amounted to 300-400 mg-g-1 in the winter wheat crops and to only 
90 mg-g"1 in the spring wheat crop. Per unit ground area the amount of WSC 
in stems and sheaths was about 35 g-m~ in the spring wheat crop, whilst the 
minimum value in the winter wheats was 150 g-m . These data do suggest that 
the greater amount of WSC present at anthesis in winter wheat adds to its 
higher yield potential. Unfortunately, there are no supplementary data to 
test this hypothesis. 
4.3 FACTORS AFFECTING PHOTOSYNTHESIS 
4.3.1 Temperature 
In the first experiment of the present series the rate of apparent photo-
synthesis of flag leaves (Pmax) was slightly, though insignificantly, en-
hanced by temperature, when examined shortly after transfer from 15 to 20°C 
and 25°c (data not presented). In Expts II and IV no clear initial tempe-
rature effect was found on apparent photosynthesis of whole plants in the 
range 15°C to 22°C. Apparent photosynthesis dropped after transfer from 15 
to 25°C in Expt II. 
These findings will be placed against the background of earlier reports 
on the impact of temperature on photosynthesis, with special reference to 
cereals. Temperature effects on apparent, or net, and gross photosynthesis 
will be considered for individual leaves and for whole canopies. Gross 
Photosynthesis will be defined by the sum of net photosynthesis plus respi-
ration during the dark. Thus, in green cells an intrinsically similar rate 
of operation is assumed for the TCA cycle in light and in darkness (Chapman 
& Graham, 1974), whilst photorespiration will not be considered as a compo-
nent of gross photosynthesis. 
Planchon (1971) found no effect of temperatue in the range 17°C to 23°C 
°n apparent photosynthesis of flag leaves of several wheat cultivars at 
anthesis. In similar plant material Bird et al. (1977) measured the highest 
gross and net rates of photosynthesis at 18°C. However, with plants grown at 
temperatures of 23°C and 28°C the photosynthesis-temperature response curve 
was fairly flat, whilst the peak at 18°C during measurement was more pronoun-
ced at growth temperatures of 13 and 18«C. Keys et al. (1977) found no clear 
temperature effect on net photosynthesis, for neither flag leaves nor second 
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leaves, of wheat grown at day/night temperatures of 18°C/14°C when measured 
between in the range of 13°C to 28°C. Wardlaw (1974) also observed only a 
moderate change in net photosynthesis of wheat flag leaves in the range of 
15°C to 35°C; a maximum was observed at about 25°c. With barley seedlings, 
Ormrod et al. (1968) measured an optimum in apparent photosynthesis between 
about 16°C and 20°C in several cultivars (measured range 4°C to 34°C). How-
ever, in some cultivars the response curve was fairly flat, and in others 
it had a more pronounced peak. 
A marginal response of net photosynthesis to temperature has been also 
reported for other species than Gramineae. Gaastra (1959), for instance, 
found practically no effect between 12°C and 27°C in leaves of tomato and 
turnip, at least when examined under normal C0_ concentrations. 
Bagga & Rawson (1977) came to the conclusion that in three wheat culti-
vars examined at anthesis, neither temperature history nor prevailing tem-
perature affected the rate of net photosynthesis per unit area of either 
flag leaves or whole plants. De Vos (1977) found nothing but a marginal 
decline in net photosynthesis of field grown wheat as a result of an in-
crease in temperature from 12°C to 20°C (measurements after anthesis with a 
crop enclosure method). At higher temperatures a decline in photosynthetic 
rate was observed, which became rather pronounced at 30°C. Apparently there 
was no interaction with irradiance. 
Fukai & Silsbury (1977b) reported a clear interaction between the effects 
of immediate change in temperature and radiation in microplots of subter-
ranean clover. At low levels of irradiance (0.3 J-cm^-min"1 PhAR) net pho-
tosynthesis was inversely and linearly related to temperature, whilst at 
high levels (1.5 J-cm" -min-1) net photosynthesis was directly and curvi-
lmearly related to temperature. Lastly, Sale (1977) reported little effect 
on net photosynthesis of variations of temperature as large as 10°C on 
either side of the ambient temperature in field grown summer and winter 
vegetables. 
In wheat, Stoy (1965) measured apparent photosynthesis and respiration 
rates at intervals of 5°C between 15 and 35»c. Three cultivars were examined 
in the three leaves stage; plants were grown indoors at 17°c/10°C day/night 
temperatures and photosynthesis recordings were carried out under near satu-
rating radiation flux densities (1.8 J-cm^-min"1
 PhAR). s t o y f o u n d the 
highest net photosynthetic rates between 25°C and 30°C, whereas gross or 
true photsynthesis was highest between 30°c and 35°c. The lower optimum of 
net photosynthesis was due to the fact that the increment in -dark respira-
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and 6.4% at 35°C. 
The difference between optimum temperatures of net and gross photosynthe-
sis will be greater the lower the radiation flux density (and with increase 
in the ratio between heterotrophic and green tissue). This interaction with 
irradiance has been illustrated by the work of Fukai & Silsbury (1977b; cf. 
Nevins & Loomis, 1970). 
It is of interest to note that some positive temperature response of 
gross photosynthesis seems likely in Expts II and IV, since there was 
no clear effect on net photosynthesis, whilst the initial acceleration of 
dark respiration would seem large enough to induce a measurable decline in 
rate of apparent photosynthesis on increase in temperature if the gross 
uptake were unaltered. 
During the nineteen-seventies progress has been made in describing and 
quantifying the interacting effects on leaf photosynthesis of temperature, 
radiation and carbon dioxide and oxygen tensions (Jolliffe & Tregunna, 1973; 
Ehleringer & Björkman, 1977; Peisker & Apel, 1977; Ku & Edwards, 1977a, b, 
1978; Tenhunen & Westrin, 1979; Tenhunen et al., 1979). As a rule net photo-
synthesis and quantum yield (that is the initial slope of the photosynthesis-
absorbed quanta response curve) were found to decline at high temperatures 
in C3 plants, but there appears to be disagreement among various authors 
about the interpretation of results. 
4.3.2 Long-term temperature effects on photosynthesis and on leaf senescence 
It is interest to evaluate the extent to which 'long-term' treatment ef-
fects on photosynthesis are mediated by their impact on leaf senescence. 
For that purpose corresponding values of green leaf area and apparent photo-
synthesis (measured at a fixed radiation level), obtained from successive 
samplings in Expts II, IV and VA, were plotted in Figs 23 to 25. In all three 
cases analyzed there was a slightly curvilinear relationship between the 
size of green area and apparent photosynthesis. In Expt VA, however, the 
Photosynthesis rate seemed initially not to drop in response to some decline 
in green area. 
The data from different temperature treatments tended to form one curve. 
This implies that the differences in photosynthesis rate, which developed 
as time progressed (Figs 14 and 15), were primarily due to a faster decline 
in green area the higher the temperature. 
The differences in the time course of photosynthesis between the nitrogen 
treatments in Expt VA (Fig. 16) were presumably also associated with diffe-
rences in pattern of leaf senescence. However, the amount of data is too 
limited to permit any definite conclusions. 
Additional evidence for the proposition that long-term temperature effects 
on photosynthesis are largely mediated by temperature effects on leaf senes-
cence can be derived from Expt I. The stage of rapid decline in photosynthe-
77 
Expt E "15°C 
+=20°C 
v= 25°C 















40 80 120 160 200 240 280 
green leaf area (cm2.plant"1) 
Fig. 23. The relationship between the decrease with time in the relative ra-
te of apparent photosynthesis per plant and the green leaf area per plant; 
data from successive samplings in the three temperature treatments of Expt 
II. Data relate to the main axis plus side tiller. 
sis of the flag leaf (measured under saturating light intensity) started at 
about 11 days after anthesis at 25°C/15°C (air/root temperature) and about 
one week later at 20°C/15°C. At 4 weeks after anthesis there was still no 
sign of an impending fall of photosynthesis at 15°C/15°C. Root temperature 
acted in a similar way as air temperature, but the effects were far less 
pronounced. These figures clearly demonstrate the long-term effect of tempe-
rature on the quantity of carbon dioxide fixed per flag leaf in Expt I. 
However, when photosynthesis rates per flag leaf, obtained from successive 
recordings, were plotted against green area remaining at the time of photo-
synthesis measurement, data points from all temperature treatments formed 
one curve (Fig. 26). This again indicates that the long-term temperature 
effects on photosynthesis are primarily mediated by temperature effects on 
leaf senescence. 
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Fig. 24. The relationship between the decreases with time in the rate of 
apparent photosynthesis per plant and the green leaf area per plant; data 
from successive samplings in all four temperature treatments of Expt IV. 
Data relate to the main axis plus the side t i l ler . 
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Fig. 26. The relationship between the decreases with time in the rate of 
flag leaf apparent photosynthesis at saturating radiation and the green 
flag leaf area; data from successive samplings in six temperature treat-
ments of Expt I. 
4.3.3 Leaf senescence and the photosynthetic capacitif per unit green area 
Radiation and green area are the two dominant factors that determine the 
rate of photosynthesis (Puckridge & Ratkowsky, 1971; Austin et al., 1976; 
Fukai & Silsbury, 1977b; Koh et al., 1978; Gallagher & Biscoe, 1979). A 
third factor involved is the photosynthetic capacity per unit green area at 
saturating radiation, Pmax. within the present context it is relevant to 
consider whether or not the P m a x for remaining green tissue of a senescing 
foliage remains constant. 
Osman & Milthorpe (1971b) described changes in photosynthesis of the 
fourth leaf of wheat in relation to age, nutrient supply and illuminance. 
Stoy (1965) observed no clear time trend in apparent photosynthesis of fully 
expanded flag leaves of wheat until the stage of rapid senescence commenced. 
Then rates drastically decreased, m similar material Dantuma (1973) and 
Angus
 & Wilson (1976) reported a gradual decline of P with time. In Expt 
I of the present series, P ^
 o f f l a g l e a v e s a l s Q d e c ^ e d c o n t i n u a l l y with 
txme: shortly after anthesis a value of 2.60 g C O ^ n T 2 . ^ 1 was found; when 
green area had decreased by one third, P was only 1.47 g oo,.»"2-^1. 
It i. of
 lnterest to mention in passing that in Expt I the Litial PmaX °f 
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flag leaves represents a rather commonly observed value (cf. the respective 
compilations by Apel et al., 1973 and Angus & Wilson, 1976). 
4.3.4 Effects of nitrogen on photosynthesis 
In Expt VA no difference in photosynthesis was observed between nitrogen 
treatments initially after anthesis. At that time the plants had about equal 
green area, but differed substantially in nitrogen contents. Differences be-
tween nitrogen treatments became first apparent when green leaf areas started 
to diverge. Similary, Thomas & Thome (1975), Pearman, Thomas & Thome (1977) 
and Thomas, Thome & Pearman (1978) showed that the rate of gross photosynthe-
sis of flag leaves of wheat was not affected by nitrogen dressings (pot and 
field experiments). Beneficial effects of increasing amounts of nitrogen fer-
tiliser on seasonal photosynthate production were due to a higher LAI and/or 
a longer duration of the green area. De Vos (1977) reported no differences 
in photosynthesis between two nitrogen treatments during the first 4^  weeks^ 
after anthesis in winter wheat, at least when considered at 2.5 J-cm -min 
incident radiation. At high radiation levels (5 J-cm" -min" ) some benifi-
cial effect of more nitrogen could be detected earlier after anthesis. The 
latter finding is in agreement with observations of Spiertz & van de Haar 
(1978). 
The results of all these studies point in the same direction, viz. that 
effects of nitrogen on photosynthate production are primarily brought about 
by effects on the size and the duration of the green area. 
4.4 EVALUATION OF RESPIRATION FIGURES 
4.4.1 Comparison with data in the literature 
An answer to the question whether or not the rates of respiration, mea-
sured in the present experiments are reliable can be obtained by comparxson 
»ith data in the literature. In the field crop of the present series (Expt 
VB; spring wheat) the rate of respiration shortly after anthesis amounted 
to 0.80 g CO -m^.h-1 at 16°C. This figures agrees well with those of de 
Vos (1977). He found a value of 0.76 g aym"2-!»"1 (2 successive seasons; 
crop enclosure method). 
Ear respiration rates in wheat reported by Rawson & Evans (1971) were in 
the
 s a me range as observed in the present experiments, vxz. 0.8-2.0 mg 
«ye.r-l.irl. in the present experiments, ear respiration rose to a maximum 
at 2-3 weeks after anthesis, after which it declined gradually (Fig. 17). 
Similar time courses were found by Evans & Rawson (1970), Rawson & Evans 
(1971), Damisch (1974), Sofield et al., (1977a), and Chowdhury ft Wardlaw 
(1978). 
Stoy (1965) also reported leaf respiration rates per unit area. In flag 
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leaves of wheat, grown in pots outdoors, he found figures ranging from 72 
-2 -1 to 114 mg CO -m -h (measured in the post-floral stage at 20°C; his 
Table 31, 3 cultivars). Much in agreement with these figures are the present 
-2 -1 ones, viz. 68 mg CO,-m -h at 16°C and a corresponding figure of 84 rag 
-2 -1 CO,«m -h at 22°C. In another field experiment with wheat, Stoy (1965, 
2 - 1 his Table 23) found rates ranging between 110 and 190 mg C0_'m -h at a 
relatively low level of nitrogen nutrition, against figures of between 13 
and 200 mg C02-m" -h"1 at a higher N dressing. 
In the present experiments stem and sheaths respiration (in absolute 
amounts per culm) declined during the first one or two weeks after anthesis. 
Thereafter it remained fairly stable until about one week before maturity 
(Fig. 17). This pattern of change with time of stem (and sheaths) respira-
tion corroborates the results of Stoy (1965), Rawson & Evans (1971) and 
Austin et al., (1977a). 
Althought dry weight is not a particular useful reference basis for stem 
and sheaths respiration (Subsection 3.7.5), it is the only one available to 
compare the present results with others. In six winters wheat cultivars, 
Austin et al., (1977a) noted stem respiration rates ranging from 0.28 to 
0.35 mg CCyg" DM-h"1 (mid July 1975, 15°C). Stoy found values (perhaps 
at 20°C) around 0.40 mg CO^g^DM-h"1 averaged over three cultivars grown 
in pots outdoors. Rawson & Evans (1971) grew six wheat cultivars, all under 
similar conditions in a phytotron. Between cultivars stem respiration rates 
varied from 0.19 to 0.68 mg C C y g ' W h - 1 (measured at 20°C between 15 and 
17 days after anthesis). These data suggest some genetic effect; however in 
the present experiments the variation was about just as large within a culti-
var. 
Accounting for differences in temperature during measurements, and refe-
rence bases, it appears that the range of observed stem and sheaths respira-
tion rates is similar to those quoted from literature. 
Data about root respiration in wheat are relatively scarce in literature. 
Osman (1971) recorded root respiration in wheat plants grown on nutrient 
culture under controlled conditions as well as from roots of field grown 
plants. At about one week before anthesis root respiratory rates amounted to 
2.45 and 1.83 mg co^g" DM-h"1 for nutrient culture and field grown plants, 
respectively. The former figure agrees reasonably with the specific root 
respiration rates measured early after anthesis in the present nutrient cul-
Osmir P! r i m e n t S " a n d IV (2'10 a n d 2-58 »S CXyg-Wh" 1, respectively)-
Osman s figure for field grown wheat corresponds to 1.16 mg CO^g^DM-h'1 
r L a L T T f ° r * " P O t e5*eriments VA en V! early after anthesis. With 
2Tal\« T S e C ° f f i p a r i S 0 n s °ne h*s to be reminded that the plants differed 
aae L t . ^ ^ " ^ t°°t «•P*™tion rate decreases gradually with 
x!ur „ I ' T H ' ° S m a n f ° U n d t h a t t h e S p e c i f i c root respiration rate in 
slmnlrv^ / n t S e a S i l y e X C e e d e d 4-° m g « y g - W - 1 . The author found 
similar values for plants of that age (data no? presented). 
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From the comparisons of present respiration figures with literature data, 
one can conclude that the present measurements are not systematically wrong. 
4.4.2 The temperature coefficient (Q1Q) for respiration 
One of the most conspicuous features of respiration concerns its tempe-
rature sensitivity. In short-term measurements the Q 1 Q was on average about 
2.2. This rather conventional value was found irrespective of growth tempe-
rature, kind of organ or age of organ; the overall range of temperatures 
tested was 14°C to 27°C. 
Although a Q 1 Q of about 2 is indeed rather common, this value cannot be 
regarded as a natural constant. When temperature coefficients for respira-
tion are calculated over a broad range of temperatures, say between 5°C and 
35°C, a decline in Q1Q on increase in temperature is generally observed 
(Forward, 1960; Stoy, 1965; Fukai & Silsbury, 1977). Moreover Q1Q may shift 
as the duration of the temperature change increases. Analyses of respiration 
rates of stems and sheaths and leaf blades from plants grown at different, 
but fixed temperatures, enabled some sort of long term Q n n to be established 
in the present experiments (see Subsection 3.7.6h this long term Q1Q was 
about 1.4, i.e. much smaller than in short term measurements. An interesting 
connection can be made with the work of Fukai & Silsbury (1977b), who obser-
ved a greater impact of temperature on photosynthesis and respiration after 
an immediate change in temperature than between treatments grown at differ-
ent, but fixed temperatures. Apparently, temperature effects on carbon ex-
change rates level off in the long run. 
4.5 THE INTERPRETATION OF RESPIRATION FIGURES 
4.5.1 Short review of relevant literature 
Mccree (1970; cf. McCree, 1974; McCree & Silsbury, 1978) and Thornley 
(1970, 1976) developed models in which respiration is assumed to consist of 
a growth component, directly proportional to the increment xn new tissue, 
and a maintenance component, directly proportional to the dry mass already 
present. Several other authors fitted their data on respiration and growth 
(or photosynthesis) with such a two-component model. Relevant studies are 
those by Hesketh et al., 1971; Robson, 1973; Biscoe et al., 1975; Hansen & 
Jensen 1977, Walker & Thornley, 1977; Moldau & Karolin, 1977; Hansen, 1978, 
Kimura et al., 1978. Yokoi et al., 1978; and Hansen, 1979. Although there 
are differences in symbols and units, or approach between authors, most of 
the results can be expressed in Thornley's Y g and M. The 'true growth effi-
ciency', Y , is the fraction of substrate C retained in the 'new' tissue 
after biosynthesis, while M is the maintenance coefficient, expressed in 
gram C per gram C already present per day. Various values have been reported 
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for both Y and M, with Y generally ranging from about 0.65 to 0.90, depen-
ding on conditions, growth stage and whether the analyses were done on whole 
plants or individual organs. Values for M range generally between 0.010 and 
0.060 g C-g~1C-d~ . In those studies quoted above where temperature effects 
were studied it appeared that Y was independent of temperature, whilst M 
responded strongly to temperature, usually with a Q,Q between about 1.8 
and 2.2. 
Thornley (1977) proposed a more flexible model, in which maintenance cost 
is not a fixed 'tax on property', but depends on the rate at which labile 
compounds desintegrate. According to Barnes & Hole (1978) this newer forma-
lism can be reconciled with the original two-component model, if in the lat-
ter maintenance costs are related to protein content rather than to dry 
weight. Hole & Barnes (1980) extended the two-component model in order to 
be able to account for gradual ontogenetic change in Y and M. 
Penning de Vries and collaborators followed a different approach. Using 
knowledge about biochemical pathways they computed the 'production values', 
'carbon dioxide production factors' and 'oxygen requirement factors', 
by which the conversions between substrate (glucose) and end products 
(proteins, carbohydrates, lipids, lignin, organic acids and minerals) can 
be characterized rather universally. The values of these characterizing 
variables are believed to be independent of temperature or species. Rele-
vant references are Penning de Vries et al., 1974; Penning de Vries 1975a; 
de Wit et al., 1978. Furthermore, Penning de Vries (1975b; cf. de Wit et 
al., 1978) gave estimates for maintenance cost, based on estimates of ener-
gy requirements of component processes. At 25°C maintenance cost were esti-
mated to amount to about 15-25 mg glucose per gram dry matter per day; nu-
merically these figures are about equivalent to 0.015 to 0.025 g C-g" C-d , 
i.e. smaller than most M values derived from regression analyses. 
4.5.2 Ear respiration and ear growth 
Preliminary analyses revealed a direct relationship between ear respira-
tion rate (Y, expressed in mg C02-ear"1-d-1) and ear growth rate (X, expres-
sed in mg DM-ear"1-d-1). In all individual data sets it was found that data 
points obtained during the first weeks after anthesis were positioned higher 
in the graphs (higher respiration rates at any growth rate). Fig. 27 based 
on Expt IV, shows an example of the association between ear respiration rate 
and ear growth rate. 
In fact the slopes and intercepts of the regressions on individual data 
sets appeared to be very similar and for that reason data from several 
experiments and treatments were bulked; the results of the regression cal-
culations are summarized in Table 29. The first regression equation of 
Table 29 relates to the first weeks after anthesis (Expts.III-VI all 
treatments); Equation 2-4 bear on the remaining and longest parts of the 
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Fig. 27. A typical example of the relationship between the respiration rate 
of ears and the growth rate of ears; data taken from Expt IV. 
Table 29. Simple linear regressions of ear respiration rate (Y) in mg Cfyear -d 
on ear growth rate (X) in mg DM-ear^-d"1; data from Expts III-VI. 
Stage of 
kernel 












































a 1 = data from the first two weeks after anthesis; 2 = data from the remaining and 
longest part of the grain-filling period. 
grain filling periods. Equation 2 was derived from low temperature treat-
ments only <16°C, outdoor experiments), whilst only 22°C treatments were 
selected to obtain Equation 3. The last calculation in Table 29 bears on 
data of 16°C and 22°C treatments with exclusion of figures obtained early 
after anthesis. Table 29 shows that in both distinguished stages of grain 
filling about 0.24 g C02 is produced per gram increment in gram dry matter. 
Temperature effects did not appear, neither on slope (b term) nor »*•««** 
(a term; Equations 2, 3 and 4, Table 29). A comparison of Equations and 
4 reveals that, the rate of ear respiration at zero growth rate (the inter 
cept a) was twice as high early after anthesis than at later stages 
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grain filling. 
An interesting question is whether the slope of the regression equations 
in Table 29 (i.e. the growth component of ear respiration) will correspond 
to the one expected when the concepts of Penning de Vries (Penning de Vries 
et al., 1974; Penning de Vries, 1975a) are applied. For reasons of simpli-
city, grain dry matter was supposed to consist of protein and non-protein, 
or 'carbohydrates', thus ignoring the small quantities of lipide and ash 
present. In order to solve this question, multiple regressions were worked 
out relating protein growth rate and 'carbohydrate' growth rate to ear-
respiration rate. Preliminary results (Vos, 1979) pointed to an encouraging 
agreement between calculated and theoretically expected coefficients. More 
detailed analyses did not yield consistent results, and the conclusion had 
to be drawn that a multiple-regression technique is not a suitable tool for 
this problem. Therefore an other approach was followed. Growth respiration 
of ears was calculated by multiplying the 'carbohydrate' and protein growth 
rates of grains with the C02-evolution coefficients, derived from Penning 
de Vries (1975a), viz. 0.17 and 0.74, respectively. Next calculated growth 
respiration was subtracted from total measured ear respiration. The remain-
ing part of respiration was always in the order of magnitude given by the 
intercepts of Equations 2-4 in Table 29. This result indicates that growth 
respiration of ears can be derived from the coefficients of Penning de 
Vries (1975a; cf. Penning de Vries et al., 1980). 
A more superficial calculation leads to the same conclusion: if each 
additional unit of grain dry matter consists for about 12% of proteins and 
about 88% of 'carbohydrates', the theoretically expected slope of the re-
gression equations of Table 29 would be (0.12 x 0.74) + (0.88 x 0.17) =0.24! 
Furthermore it is of interest to note that the slope of the regressions 
between ear respiration rates and ear growth rates declined when relatively 
more 'carbohydrates' were synthesized in the short-term treatments, subsi-
diary to the main treatments of Expt VI (data not presented). 
The growth component of ear respiration (slopes in Table 29) can be ex-
pressed in Thornley's Yg (Thornley, 1976). This gives a value of 0.87 
g C g c. Damisch arrived at an Y of 0.86 in wheat (Damisch, 1974) and at 
values between 0.87 and 0.91 in barley (Damisch, 1977). 
A point of a principle nature, that has to be made is that unbiassed 
growth coefficients of respiration can never be derived from regression 
analyses that relate respiration rates to growth rates when part of the 
maintenance cost is directly proportional to the growth rate. 
According to the regression equations of Table 29, a considerable part of 
ear respiration is not associated with increment in dry matter. Within the 
present-day concepts of respiration it is justified to assume that the extra-
polated zero-growth' respiration rate represents the cost of maintaining ear 
structures and grains. In these concepts it is assumed that the maintenance 
are proportional to the total dry weight or to the amount of protein-
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This is obviously not so in ears. Intuitively, the reason can be understood 
easily: beyond about two weeks after anthesis the accretion of grain dry 
matter consists largely of starch and storage proteins, which no longer par-
take in cell metabolism and which remain presumably unchanged once they are 
formed. Therefore it seems more realistic to use the ear dry weight or the 
amount of protein in the ear at the beginning of grain filling as a refer-
ence basis for maintenance cost. At that stage of development the ears in 
the present experiments weighed about 0.4-0.5 g. Shortly after anthesis 
(Equation 1, Table 29) the maintenance cost amounted thus to 26-33 mg C02 
or 18-22 mg glucose per gram ear dry weight per day. Corresponding figures 
applying to most of the grain-filling period (Equation 4, Table 29) are 
15-19 mg CCX, or 10-13 mg glucose per gram ear dry weight per day. These are 
rather conventional values as indicated in Subsection 4.5.1. 
Higher maintenance cost early after anthesis are not unlikely, since 
protein contents of ear structures are higher than later during grain fil-
ling. However, in a regression model as used at present, all respiration, 
which is not linked with measurable increment in dry matter, will be dumped 
into the maintenance component. The maintenance component of respiration of 
young ears may be overestimated in the present calculation, as a construc-
tive sequence of events, such as cell formation, undoubtedly requires energy, 
while the dry matter gain is comparatively small. 
in literature there is agreement on the temperature sensitivity of main-
tenance respiration (see, in addition to studies quoted above, Ryle et al., 
1976). Therefore in regressions of ear respiration on ear growth rates, one 
would expect higher intercepts the higher the temperature. Fig. 27 and 
Table 29 show that this temperature dependency was not found m those data 
sets, A calculation of the maintenance part of ear respiration by subtrac-
ting growth respiration (Penning de Vries' coefficients) from total measured 
ear respiration showed no differences between 16°C and 22°C treatments in 
Expt IV. Throughout growth at these fixed temperatures,_the maintenance 
respiration of ears amounted to about 6.2 mg «year -d . This is equiva-
lent to 13 mg CO, per gram initial ear dry weight per day. Though the re-
sults of the shortterm treatments subsidiary to the main Expt VI were 
rather variable, they did indicate a Q10 for -zero-growth' ear respiration 
in the order of 1.6-3.0. 
4.5.3 Interpretation of respiration in vegetative parts 
in a preliminary summary of this study (Vos, 1979) it w a S S ^ f ^ 
the carbon efflux during kernel filling from non-growing ^ t a U v ^ n . 
could be regarded as maintenance respiration. This statement ^  " J ^ 1 
deration because there are energy requiring processes other t h a - - t e 
nance that take place in these organs. For instance, ^ ^ ' ^ ^ 
assimUation of nitrate, relocation of nitrogenous compounds, transports 
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enormous loads of carbohydrates to the grains and to other heterotrophis 
sites of utilization. 
An account of the energy requiring processes will be given below, to-
gether with C02-evolution coefficients derived from the work of Penning de 
Vries and co-workers (Penning de Vries 1975a, 1975b; cf. de Wit et al., 
1978). Subsequently, it will be examined wether computed rates of respira-
tion agree with actually measured rates. 
Energy requirements of nitrogen metabolism In wheat crops 0-50% of the 
amount of nitrogen present at maturity is taken up after anthesis (Austin et 
al., 1977b; Spiertz & Ellen, 1978). Nitrate is the predominant form in which 
nitrogen is taken up (Hewitt, 1979). 
It can be derived from Penning de Vries (1975a) that 0.046 g C02 is 
produced per gram KN03 taken up in the root xylem. The cost of uptake of ni-
trate into the cell where it is reduced, the reduction itself, the forma-
tion of the primary nitrogenous compounds and their excretion into the 
phloem are estimated to give rise to the evolution of 0.6 g CO, per g pro-
tein ultimately produced (Penning de Vries 1975a, Fig. 20.1). 
Whether these costs in terms of C02 evolution are paid depends on the 
site of reduction. In heterotropic organs like roots there are no other 
energy sources than ATP and reductant generated through glycolysis and 
the tricarboxylic acid cycle. However, when nitrate reduction is located 
in the leaves, no energy costs in terms of CO, evolution have to be conside-
red if reduction takes place under conditions of illumination only, and/or 
when energy is drawn from the light reactions of photosynthesis (Beevers, 
1976; Leech & Murphy, 1976; Raven, 1976a, 1976b; Miflin, 1980). This matter 
does not seem to be settled completely yet. Several points need further 
clarification and verification, for instance; the spatial distribution 
within a cell of the enzyme complexes involved, the type of co-factors 
accepted in a specific reaction and the competition for reductant and ATP 
between C02 reduction and other energy requiring reactions (cf. Aslam et al-. 
1979). Under field conditions, nitrate reduction in leaves might be appa-
rently 'costless' more often than in phytotrons, as light saturation of the 
leaves which are most actively involved in nitrate reduction, occurs more 
often in the field than in relatively dark phytotrons. 
A relevant question concerns the proportion to which roots and shoots 
participate in nitrate reduction. Several lines of inquiry indicate a sub-
stantial nitrate reduction in roots. Brunetti & Hageman (1976) observed 
equal root and shoot nitrate reductase activities (measured in vivo) in 
young wheat plants. This finding corroborates the few present data presen-
ted in Subsection 3.3.5. Kirkman & Miflin (1979) determined the ratio be-
tween reduced nitrogen and nitrate N
 i n xylem exudates of wheat plants grown 
in a greenhouse. This ratio was believed to furnish information on the re-
lative shares of roots and shoots in nitrate reduction. It appeared that the 
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ratio between reduced and non-reduced nitrogen increased with age: 0.6-1.6 
at early stem extension, 1.6-3.7 during grain filling, whilst intermediate 
values were found at earing. The smallest figures bear on the highest nitro-
gen dressings (and N uptake rates); thus relatively more nitrogen was reduced 
in the shoot at higher N dressings. Wallace & Pate (1967) also showed an in-
crease in the shoot/root reduction ratio on increase in nitrogen supply in 
peas. 
According to Dijkshoorn (1971, 1973; personal communication, 1980) the 
bulk of the nitrate (that is 90% or more) is reduced in shoots. This postu-
late was derived from studies on production and transport of càrboxylates 
under various nutritional treatments. Furthermore, he argued that the pre-
sence of organic nitrogen in xylem is not a suitable indicator of nitrate 
reduction in roots. 
An other aspect of nitrate metabolism concerns the fate of the càrboxy-
lates that are concomitantly produced. Data of Kostic et al. (1967) indicate 
that in wheat at least two-thirds of the organic acids produced are decar-
boxylated in the roots. The cost of decarboxylation are estimated" to amount 
to 0.59 g CO mole organic acid (Penning de Vries, 1975a). Export of càrboxy-
lates out of leaves requires 0.06 g CO per mole. 
Translocation cost Most of the proteins present at anthesis are relocated 
to the grains. Penning de Vries & van Laar (1977) estimated the cost of pro-
tein degradation to amount to 0.19 g C02 per g protein. 
Most of the carbohydrates have to be relocated from the site of synthesis 
(green cells) to the sites of utilization. Only vein loading and unloading -
and not translocation as such - are believed to require energy (Coulson et al-r 
1972; cf. Wardlaw, 1974). According to estimates of Penning de Vries (1975a) 
vein loading and unloading gives rise to the evolution of 0.08 and 0.04 g C02 
Per g glucose, respectively. 
Uptake of minerals from the soil is estimated to give rise to the evolu-
tion of 4.6 g C02 per mole; translocation of a mixture of minerals involves 
the evolution of 0.03 g CO_ per g. 
Maintenance cost According to Penning de Vries (1975b) turnover of proteins 
consumes 28-53 mg glucose per g protein per day (at 25°C). Conversion of the 
average value (40.5) to C02 units and applying a Q 1 0 of 2.0 (cf. the appli-
cation of the approach of Penning de Vries by de Wit et al., 1978) the cost 
of maintaining proteins are 0.032 and 0.049 g CO,, per g protein per day at 
16°C and 22°C, respectively. The cost of maintaining ion gradients are esti-
mated to amount to 0.048 g o y g " 1 minerals-d"1 at 25°C and thus 0.026 and 
0.039 g-g^-d"1 at 16°C and 22°C, respectively. The third (correction) term 
distinguished by these authors is related to the metabolic activity of the 
Plant: it is assumed to consume 0.04 g glucose per g glucose metabolized 
(cf. de Wit et al., 1978). 
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Calculations of respiration of vegetative parts and comparisons with measured 
rates In previous subsections the heterotrophic processes operating in ve-
getative parts and their carbon-dioxide production coefficients were listed. 
These coefficients will be used to calculate the respiration rates of consti-
tuent organs of plants studied in the present experiments. Calculated rates 
will subsequently be compared with actually measured rates. However, not all 
of the data necessary for these calculations have been measured. Therefore 
additional assumptions are required. These assumptions are: 
- one-third of the nitrate is reduced in the roots, 
- two-third of all carboxylates are decarboxylated in the roots, 
- the uptake rate of minerals other than KN03 equals 0.2 times the additio-
nal protein production rate (on a weight basis), 
- the fractions of gross photosynthate loaded on veins are: 0.6 in leaf bla-
des, 0.2 in stems and sheaths and 0.2 in ears, 
- the 'tax on metabolic activity' (the third component of maintenance respi-
ration) is assumed to be paid for 40% by leaf blades and ears and for 10% by 
stems and sheaths and roots; the total daily metabolic activity or glucose 
use is set equal to the increment in dry matter (about 40% C, as in glucose), 
plus the net change (positive or negative) in non-structural carbohydrates, 
plus the amount of glucose respired. 
NB. The last two assumptions are not critical as the total amount of carbon 
released per plant does not change when different fractions of loading of 
gross photosynthates and for contribution to the total 'tax on metabolic 
activity' are assumed for the distinguished groups of organs. 
- in each vegetative organ, the minimum amount of unloaded carbohydrates 
is equivalent to the amount of glucose actually respired. In roots, the 
metabolites formed through decarboxylation of organic acid ions (equivalent 
to 0.51 g glucose per gram-ion decarboxylated) can be substracted from this 
unloaded amount. 
- the mineral concentrations in the dry matter of roots, stems and sheaths 
and leaf blades are 40 mg-g"1,
 2 5 mg.g-l a n d 80 -1 o f t h e matter, 
respectively. 
A summary of the heterotrophic processes and their carbon-dioxide produc-
tion coefficients is given below. Coefficients of sequences of processes 
have been summed and all coefficients have been transformed into units that 
allow rapid calculations of respiration rates; the effects of the assumptions 
have been accounted for in the values of the coefficients. The processes and 
coefficients are: 
Process 
uptake of KN03 and other 
minerals in root xylem 
C02~evolution coefficients 
0.051 g co2 per g protein 
ultimately produced 
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2 uptake of nitrate in cell, reduction 
of nitrate, formation of primary 
nitrogenous organic compounds and 
their excretion into the phloem 
3 transport of carboxylates out of the 
leaves (2/3 x 2/3 of total quantity 
produced) 
4 decarboxylation of organic acids 
in roots 
5 vein loading of carbohydrates 
6 unloading carbohydrates 
7 degradation of proteins 
8 maintenance cost: 
8.1 related to protein turnover 
8.2 related to maintaining ion 
gradients 
8.3 related to metabolic activity 
0.60 g C02 per g protein 
ultimately produced 
0.03 g CO, per g protein ulti-
mately produced 
0.3 g CO, per g per g protein 
ultimately produced 
0.08 g CO, per g glucose 
involved 
0.04 g CO, per g glucose 
involved 
0.19 g C02 per g protein 
hydrolysed 
0.059 g C02 per g protein per 
day at 25°C with a Q1Q of 2.0 
0.048 g CO, per g minerals per 
day at 25°C with a Q1Q of 2.0 
0.059 g CO, per g glucose in-
volved in metabolic activity; 
shares of organs as indicated 
above 
Tanl. 30 .„„.s an « „ p i . of » calculation of «spxratio»^rat.. » ~ o « . 
•t„, and .h..«», and l..f »1.*., «sp.ctiv.ly. »"»» " " " ^ V c a r t n 
c.rbonydr.t. and nitro,.» .cono.i.s of tne plan« and «PP*«* £ j £ £ 
dioxid. .volntio» co.ffici.nts pr.s.nt.d * o v . » . dat, »«» ' » " ƒ 
« t « „
 (pl,»t. oro.n i. Pots in t„. Patron " > J ^ . , . , 
to SO „ CO, p.t plant p « day; additional ^ ^ ^ a 0.466 
of 1, ^  p.r plant p.^da, »»«Jf::" ^ .latt,,. r.lcnl.t.d „ « of 
results in rates m g-m -d • T a D i e J
 l e a f biades; for 
respiration was similar to the actually ^ a B u r e d r ^L,,
 r a t e s w e r e m u c h 
stems and sheaths, and especially for roots, calculated rates 
smaller than observed rates.
 g Table 31 summa-
Si.il.r calculations » « . ' " ^ J ™ ^ " ^ ' . - 1.' « * « * " " « 
rizes the results. All respiration rates were 
Û 1 
Table 30. Example of the calculation of respiration in vegetative organs by 
applying the coefficients listed in section 4.5.3; data from Expt VI N2 (16°C) 
for the period 18-25 days after anthesis. 
Organs Activity 
roots uptake minerals (1) 
nitrate reduction, etc (2) 
decarboxylation of organic acids (4) 
unloading carbohydrates (6) 
break down of proteins (7) 
maintenance: 
related to protein content (8.1) 
related to mineral content (8.2) 
related to metabolic activity (8.3) 
Calculated respiration 













calculated total repiration rate = 
measured total respiration rate = 
(both in mg CO. per root per day) 
loading carbohydrates (5) 
unloading carbohydrates (6) 





calculated total respiration rate = 
measured total respiration rate = 
(both in mg C0„ per stem and sheaths 
per day) 
transport organic acids (3) 
loading carbohydrates (5) 





























calculated total respiration rate = 
measured total respiration rate = 
(both in mg CO per total mass of leaf 
blades per culm per day) 
11.07 
11.76 
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dry weight per day. The calculated maintenance respiration rates are 
given separately. According to Table 31 agreement between calculated and 
observed respiration rates is the exception rather than the rule; for 16°C 
treatments, calculated and observed rates were equal for the leaf blades of 
Expt VI N2 (already mentioned above) and for the leaf blades of Expt IV A16. 
In the 22°C equivalent of the latter treatment (Expt IV B22) calculated leaf 
blade respiration exceeded the observed rate, whilst a good agreement be-
tween the calculated and measured value was found for stems and sheaths at 
22°C. 
Generally speaking the measured respiration rates were much greater than 
the calculated rates; at 16°C the ratio between these figures was about 3-6 
for roots, rather consistently about 2 for stems and sheaths, and 1.4-1.0 
for leaf blades. On average the calculated maintenance respiration rate 
amounted to 62%, 68% and 55% of the calculated total respiration rate for 
roots, stems and sheaths, and leaf blades, respectively (16°C cases). 
Since the carbon fractions of the dry matter were about 430 mg Og~ DM, 
respiration rates expressed in mg glucose g^DM-d-1 are numerically about 
equal to rates expressed in mg C or CO, per g C or CO„ equivalents per day. 
Thus it follows that the measured total respiration rates were not high 
even compared to maintenance coefficients, M, generally found. This consi-
deration, plus the fact that measured rates are unlikely to be systemati-
cally wrong by a factor of 1.5-2, leads to the inference that the lack of 
correspondence between calculated and measured rates is due to two possible 
causes, or a combination of both: 
- The coefficients used to calculate respiration associated with translo-
cation and maintenance processes are not adequate for the estimation of 
respiration of non-growing organs where these activities are the predo-
minant ones. 
respiration of micro-organisms constituted also part of the recorded 
carbon-dioxide efflux from plant organs. 
In spite of intensive spraying with fungicides, plants can generally 
not be considered to be completely sterile. Thus, measurements of plant 
respiration will always be biassed to some extent by carbon efflux from 
various micro-organisms. However, the importance of this respiratory term, 
relative to true respiration of visually healthy looking plants, is virtu-
ally unknown. Considering the magnitude of the difference between observed 
and calculated respiration it seems justified to assign a heavier weight to 
the first possibility mentioned. However, in the case of roots there is an 
alternative explanation, which will be dealt with in the next section. 
roots 
4.5.4 Specific features of carbohydrate metabolism in 
for Mr st W O r k e r S r S P O r t e d r e l a t i v e l* * * respiratory activities in roots, 
instance in Lolium multiflorum (Hansen & Jensen, 1977; Hansen, 1978, 
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1979) in rice and maize (Yamaguchi, 1978). Lambers & Steingröver (1978) 
measured root respiration rates in Senecio species, and found higher rates 
than could be explained considering growth and transport activities. These 
workers proposed an •overflow-model'; surplus ATP can be hydrolysed useless-
ly and excessive amounts of NADH2 can be oxidized wastefully via the cyanide 
resistant ('alternative') respiratory pathway (cf. Lambers, 1979). Without 
going into detail, it is of importance to note that these workers do not 
simply imply 'leaks' in the system, which would always give rise to a low 
efficiency of root respiration. 
The high root respiration rates observed around anthesis in Expts II 
and IV might be explained as a useless combustion of excessively produced 
carbohydrates. In these experiments the plants were rather widely spaced 
(Table 1), whilst 'sink strength' is rather small around anthesis. Thus 
carbohydrate production, exceeded 'demand' and the fraction that could 
not be stored in aerial organs might have been discarded through the roots. 
During grain filling, root respiration declined steadily in all experi-
ments (Fig. 17) while the amount of water-soluble carbohydrates in roots 
increased as time progressed (Figs 9a-d). The carbohydrates accumulated in 
the roots might act as osmotic agents, replacing minerals translocated to 
the tops (Pitman et al., 1971). However, it is not sure whether the tremen-
dous storage of carbohydrates in roots in Expt IV (Section 3.4) can be ex-
plained in this way. 
4.5.5 Overall efficiency of growth 
A suitable measure to express the overall efficiency of growth is Thor 
ley's Y (Thornley, 1976). This parameter is defined as (net C gam)/(net 
gain + C respired in growth and maintenance processes).
 mamnM 
Analyses of figures on respiration and growth (e.g. Tanaka « ^ u c h i , 
1968; Robson, 1973; Yamaguchi, 1978) and analyses of retention of a simi-
lated " c (e.g. Lian * Tanaka, 1967; Kyle et al-, 1976) lead to the « 
rence that in vegetative crops the fraction of assimilated ^ ' ^ ^ 
-ins fixed in plant tissue, is unlikely to exceed 0.65 In the- j ^ £ 
Phase, Y and Y Q ('true growth efficiency') were generally ^ ' ^ ^ 
the vegetativeVase: first because expensive products like ^ * J ™ 
synthesized in certain crops, and second, due to the relocation of nitro 
genous compounds from the vegetative to the generative organs. Th s tran 
Port and the resynthesis of proteins represents an ^ ^ — J ^ 
already present material, or in other ^ « - J ^
 c o m p o u n d s 
: : : ; : ™ : : : p ^ « , ™ « — » a d — ^ 
tein formation it is than of less - P ° ™ "
 g l u c o s e p e r g 
Ear respiration tied to increment m dry matter
 ( g 
grain produced) constituted a comparatively small fraction 
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respiration. An example of the time course of this variabele, taken from 
data of Expt VA NI, is depicted in Fig. 28. The highest values of the growth 
linked proportion of total plant respiration were observed around mid-
kernel filling, which coincides with the highest grain growth rates. At that 
stage of development the highest overall efficiencies were found as well, 
ranging between 0.55 and 0.65 g C*g~ C. As efficiencies were smaller at 
earlier, and especially at later stages of grain filling, Y values bearing 
on the whole post-floral period ranged between about 0.45 and 0.55; no 
systematic effects of temperature or nitrogen treatments were apparent 
(data not presented). Thus, overall efficiency was much smaller than the 
'true growth efficiency' Y for grain growth, which amounted to 0.87. 
4.6 FACTORS AFFECTING THE ACCUMULATION RATES OF GRAIN CONSTITUENTS 
4. 6.1 Outline of the discussion of kernel growth rates 
The discussion in the succeeding sections serves several ends; i.e. a 
critical evaluation of the present data and their interpretation in view of 
existing literature, and, above all, a justification of the approach fol-
lowed in the construction of a dynamic simulation model (Chapter 5). 
At a fixed temperature the kernel growth rate is not constant between 
anthesis and maturity. During the first one or two weeks after anthesis, 
and just prior to maturity, the growth rate is generally small (Fig. ! ) • 
For analysis the growth rate can be regarded constant during most of the 
grain-filling period, when the bulk of the dry matter is accumulated 
(cf. Sofield et al., 1974; Sofield et al., 1977a; Gallagher et al., 1976). 
Some factors affecting the mean kernel growth rate during the linear sta-
ge will be discussed first. The word 'mean' refers to the fact that the ana-
lysis will be based on the average value for all grains of an inflorescence. 
growth respiration grains 
as a fraction of 




22 36 46 
days after anthesis 
Fig. 28. The change with time in the growth respiration of grains (= 0.24 g 
ZliT VT"161* ln 9 r a i n d r y W 6 i g h t ) as a a c t i o n of total plant respi-
ration rate; data taken from Exnt VA MI p N . 
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The possible differences in (potential) growth rate and/or size between 
grains, which are associated with their position in a spikelet, or with 
spikelet position in the spike, will be ignored (e.g. Bremner, 1972; 
Bremner & Rawson, 1978; Pinthus & Millet, 1978; Ries et al., 1976). Further-
more, grain dry matter will be assumed to be composed of protein and carbo-
hydrates, thus lumping a few percentages of lipids and ash into the latter 
fraction. 
Temperature effects on the accumulation rates of total dry matter and 
protein will be dealt with separately. The impact of nitrogen dressing 
on protein accumulation rates will also be discussed. Since the simulation 
model is intended to cover the whole post-floral period an approach for 
dealing with protein and carbohydrate accumulation during the periods prior 
to and after the linear stage will be proposed. A discussion about the de-
termination of the number of kernels will be postponed to Section 4.10. 
4.6.2 Genetic differences in mean kernel growth rate during the linear 
stage 
In spite of large differences in experimental conditions, the mean kernel 
growth rates were about equal within a cultivar, at least when considered at 
roughly equal temperatures (15°C, 16°C, outdoors). Growth rates of 1.50 and 
1.15 mg DM-grain"1-d"1 were typical figures for the cultivars Adonis and 
Bastion, respectively. It needs mentioning that there were only two experi-
ments with cv. Bastion (Expts II and VB), while there were two deviations 
within cv. Adonis, namely Expt VI and the N2 and N3 treatments of Expt III. 
Although these deviations need to be explained, it seems justified to con-
clude that there is a clear genetic difference in mean (potential) kernel 
growth rates between these two varieties. Unfortunately, an experiment fail-
ed to test this hypothesis directly. The description of the cultivars in the 
Dutch list of recommended varieties (Commissie voor de Samenstelling van de 
Rassenlijst voor Landbouwgewassen, 1978) provides circumstantial evidence 
for a genetic difference in kernel growth rate. Both cultivars are classi-
fied as early maturing ones, so large differences in post-floral period 
are not likely. On average their yields are about equal. However, it is 
stated that cv. Bastion is characterized by relatively small grams and 
cv. Adonis by relatively large grains. These characteristics combined lead 
to the inference of a genetic difference in mean kernel growth rate. 
It can be proved that there is some association between the dry weight 
of the vegetative organs and the number of grains (cf. Section 4.10). 
Whatever the correct interpretation of this association may be, it seems 
safe to state that, in general, at equal crop dry weight and under equal 
environmental conditions, varieties differ in the number of kernels set, 
whilst (among cultivars) the number of kernels and the individual mean ker-
nel growth rate are inversely related to a large extent. 
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Additional direct evidence in support of the proposition of a genetic 
determination of the grain growth rate can be found in the literature. For 
instance, Sofield et al., (1974, 1977a) found equal kernel growth rates 
within a cultivar in both summer and winter experiments (except at high 
temperature in combination with low light intensity), whilst these typical 
rates differed between cultivars. Martinez-Carrasco & Thome (1979a) sugges-
ted that at equal kernel density, the mean (potential) kernel growth rate 
of cv. Maris Hobbit would be greater than that of cv. Maris Huntsman. 
Brocklehurst (1977) measured at equal kernel density different kernel growth 
rates between cv. Maris Huntsman and Val, viz. 1.63 ± 0.09 mg DM-day and 
1.12 ± 0.07 mg DM-day"1, respectively. Varietal differences in grain growth 
rates were also reported by Pinthus & Sar-Shalom (1978). 
4. 6. 3 Some possible explanations for genetic differences in kernel growth 
rates 
In Subsection 4.6.2 a view was proposed by which genetic differences in 
mean potential kernel growth rates can be partly understood (different num-
ber of kernels set at equal crop dry weight etc.). Other workers held other 
physiomorphological factors responsible for genetic differences in growth 
rate. Brocklehurst (1977) was able to relate the difference in growth rate 
between cv. M. Huntsman and Val (Subsection 4.6.2) to differences in endo-
sperm cell numbers. Expressed per endosperm cell the growth rates would be 
about similar in both cultivars indeed. 
Within the present framework of discussion it is relevant to quote the 
work of Jenner & Rathjen (1978). These workers found that differences in 
kernel growth rates, observed between varieties grown in the field, could 
be reproduced in cultured ears. They were able to disprove the following 
postulates, derived from the proposition that genetic variation in rate of 
dry matter accumulation is due to differences in assimilate supply to the 
grain: 
- that grains of all varieties provided with identical supplies of assimi-
lates all grow at the same rate. 
- that the rate of grain growth is positively correlated with levels of 
assimilates in the developing endosperm. 
With respect to the second postulate, it is noted that this tendency was 
apparent within varieties (cf. Jenner 1970, 1974b); between varieties there 
was no positive association between these variables and indeed, if any asso-
ciation was indicated, it was an inverse one. In fact, when the increments 
in ethanol-insoluble residue per grain per week were plotted against the 
sucrose concent per grain, the regressions were really different between 
cultxvars, suggesting genetic variation in the kinetics of conversion of 
sucrose into starch. 
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4.6.4 Effects of carbohydrate supply on the (potential) kernel growth rate 
Brocklehurst (1977) reported that kernel growth rates as well as the num-
ber of endosperm cells increased on dissecting most of the grains at anthe-
sis. Artificial reduction of kernel numbers at 15 days after anthesis (when 
the number of endosperm cells was fixed) resulted in no more than small in-
creases in final dry weight per grain. These results give the impression 
that the mean assimilate supply per grain during the meristimatic stage of 
endosperm formation may effect the number of endosperm cells formed and so 
the potential kernel growth rate within a cultivar. Wardlaw (1970) found 
also fewer endosperm cells at low light intensity than at high light inten-
sity. 
It should be mentioned that genetic differences are reported with respect 
to the extent to which the kernel growth rate and endosperm cell numbers are 
increased following early dissection of some of the grains. Brocklehurst 
(1977) found that cv. Maris Huntsman responded less than cv. Val. Similar 
genetic variation in compensation was described by Pinthus & Millet (1978). 
Furthermore, Martinez-Carrasco & Thome (1979a) described and discussed in 
the light of existing literature the differences in response between cv. 
Maris Huntsman and cv. Maris Hobbit on dissecting grains at 5 days after 
anthesis (cf. Martinez-Carrasco & Thome, 1979b). 
Within cv. Adonis (present experiments) the deviating kernel growth 
rates in Expt VI and in the N2 and N3 treatments of Expt III might be 
explained by a decreased potential due to a smaller number of endosperm 
cells, because the amount of available substrate per grain per day was smal-
ler than in other cases. In Expt VI mean daily assimilate supply per grain 
was small because plants were grown at relatively high density for the level 
of irradiation, whilst in the N2 and N3 treatments of Expt III ear growth 
had to compete with regrowing side tillers. An equally well acceptable ex-
planation for the lower kernel growth rate in the Adonis treatments under 
consideration is that the potential kernel growth rate was not greatly af-
fected, but that such a rate could not be achieved due to lack of substrates. 
Water-soluble carbohydrate levels were low in the N2 and N3 treatments of 
Expt i n indeed (Fig. 8b). In Expt VI the dry weight of stems and sheaths 
hardly changed with time. This suggests that carbohydrate levels were low. 
Furthermore, grain growth responded to short-term changes in irradiation, 
a response which would not occur if grains grew at their full potential 
rate (see remainder of this subsection). 
A relevant part of the discussion concerns the impact of the carbohydrate 
level on the kernel growth rate during the linear stage. Jenner (1970, 1974b) 
and Jenner & Rathjen (1978) reported a fairly direct relationship between 
the sucrose concentration in the endosperm and the rate of 'structural' 
tissue formation within a cultivar. Jenner & Rathjen (1972a, 1972b) and 
Jenner (1974b, 1976) found no simple and direct relationship between the 
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sucrose concentration in the endosperm and the concentration in the transport 
system outside the grain. In fact, the movement of sucrose from the end point 
of the phloem to the endosperm cells is restricted (Jenner 1976) while a 
saturation of the transport capacity seems to occur at relatively low carbo-
hydrate 'pressures'. 
Analyses of growth rates in relation to carbohydrate levels in vegetative 
organs infer that there is no direct relationship between grain growth and 
carbohydrate levels (provided the reserve pool is not empty). In the present 
experiments increases or decreases in the amount of WSC in vegetative parts 
were not accompanied by concomitant changes in kernel growth rate. A similar 
picture arises from the data of Spiertz & Ellen (1978) and Spiertz & van de 
Haar (1978). Additional evidence in support of the proposition that grain 
growth rate and carbohydrate level (in vegetative parts) are not closely 
linked originates from the work of Apel (1974). He found that manipulation 
of carbohydrate supply by varying the C02 concentration and/or shading of 
leaves did not affect grain growth during a period of five days (spring 
wheat grown indoors). These findings were consolidated in successive papers 
(Nàtr & Apel, 1974; Apel & Nàtr, 1976; Apel, 1976a). The general picture 
emerging from these papers is that in wheat and barley, C0_ enrichment du-
ring grain filling increased carbohydrate supply (higher stem dry weight or 
higher carbohydrate levels, as identified by direct measurements), whilst 
effects on grain dry weight were marginal. 
An other line of evidence disproving a direct relationship between the 
rate of carbohydrate supply and grain growth can be derived from the work 
of Sofield et al. (1974). They found no direct relationship between grain 
growth and radiation when both variables were averaged over intervals of 
three days. However, a direct relationship was observed in treatments grown 
at high temperature in combination with a relatively low mean-level of ra-
diation. Under those conditions the potential grain growth rate apparently 
exceeded the daily rate of carbohydrate production, and reserved were ex-
hausted. 
4.6.5 The effect of temperature on mean potential kernel growth rates du-
ring the linear stage of grain filling 
Between cultivars (and experiments) the mean potential kernel growth rate 
will often be different, as outlined in previous subsections. Thus it fol-
lows that the accelerating effect of temperature on kernel growth rates can 
only be quantified on a relative scale; it was decided to express it as a 
Q 1 0 for growth rate. Particularly useful sources of information were the 
papers by Sofield et al. (1974, 1977a). These authors calculated mean kernel 
growth rates of grains in the central spikelets of wheat. Within a spikelet 
separate measurements were done on first and second floret grains (1974 pa-
per) and also on third floret grains (1977a paper). After conversion of 
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differential day/night temperatures to weighted mean daily temperatures 
values of Q 1 Q for kernel growth rates could be calculated straightforwardly 
from their data of two cultivars for several temperature treatments. 
The figures obtained thus, supplemented by those of Spiertz (1974) and 
some from the present experiments, were used to construct Fig. 29. This 
figure depicts the relation between the Q1Q for (potential) kernel growth 
rate during the linear stage and temperature. The Q1Q points, calculated 
for treatments at different temperatures, were placed in the graph at the 
midpoint of each particular temperature interval. Horizontal bars thus indi-
cate the temperature range for Q 1 Q values at the midpoint of the range. Some 
of the data of Sofield et al., originating from winter experiments at high 
temperatures, were discarded, since the carbohydrate supply was clearly 
inadequate to sustain potential growth. The general pattern emerging from 
Fig. 29 is a decline in Q1Q for potential kernel growth rate for an increase 
in temperature. Especially the data from the cultivars Timgalen and Triple 
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Fig. 29. A family of points indicating the relationship between temperature 
and the Q l n for the potential grain growth rate during the linear stage of 
grain filling. Horizontal bars indicate the temperature ranges from which 
the Q points are derived; for simplicity the Q1Q values are placed at the 
mid-point of each range. Data from several sources; experiments were se-
lected where the availability of carbohydrates was not likely to be a 
growth limiting factor. 
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Dirk show a considerable extent of consistency. The Q 1 Q values for cv. WW15, 
bearing on the temperature range 14.7°C-17. 7°C are actually relatively high, 
whilst those bearing on the interval 17.7°C-26.7°C are relatively small. 
Considering the general pattern, the two values for the temperature interval 
20°C-25°C (derived from the present Expt II) seem rather high as well. 
From Fig 29 the following tabulation can be made of rather representative 
Q 1 0 values for potential growth rate versus temperature: 



























Incorporation of these figures in an appropriate form into a simulation 
model will lead presumably to reasonable results. 
4.6.6 Temperature effects on the rate of nitrogen deposition in grains 
during the linear stage of grain filling 
It is well established, that the final concentration of nitrogen in the 
grains is generally higher, the higher the growth temperature (wheat, for 
example: Sofield et al., 1974, 1977a; Kolderup, 1975; Spiertz, 1977; present 
experiments; barley, for example: Andersen et al., 1978). 
Concerning the causes of higher (final) grain nitrogen concentrations 
under warmer conditions, it is relevant to recall that within the present 
experiments the Q1Q was higher for nitrogen deposition rate than for total 
dry matter accumulation (Tables 7 and 8). Special cases are the temperature 
treatments of Expt III and the treatments subsidiary to the main Expt VI: 
here total dry matter accumulation rate during the linear stage was not af-
fected by temperature, whilst the rate of nitrogen deposition was strongly 
enhanced. Furthermore, it can be derived from the data of Sofield et al. 
(1974, their Fig. 1) that an accelerating effect of temperature on the ni-
trogen accumulation rate in grains was maintained up to higher temperatures 
than the temperature acceleration of the total dry matter accumulation rate. 
These results lead to the inference that protein deposition might show a 
higher optimum temperature than carbohydrate accumulation. 
It was intended to construct a plot of g values for protein accumula-
tion against temperature, but there were not enough data available. It seems 
justified to adopt a provisional Q of 2.0. 
In the present Expts III and IV, the temperature acceleration of the ni-
trogen deposition rate and maturation were so to speak counterbalanced be-
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cause final grain nitrogen yields per ear (and per grain) did not differ 
between temperature treatments. However, cases where there is no such a 
counterbalance are no exceptions; for instance in the present Expt II as 
well as in the quoted experiment of Sofield et al. (1974) grain nitrogen 
yields were considerably smaller at the highest temperatures. 
4. 6. 7 Independent regulation of carbohydrate and protein accumulation in 
grains 
The difference between the temperature effects on accumulation of carbo-
hydrates and protein gives reason to postulate that both processes are regu-
lated by different mechanisms. Direct evidence, supporting this proposition 
was given by Jenner (1980). At the end of a shading treatment, covering the 
first ten days after anthesis, the amount of nitrogen in the ethanol-insol-
uble residue of grain tissue was found to be only slightly smaller than in 
unshaded plants. The accumulation of (structural) carbohydrates, however, 
was adversely affected by shading. Trimming ears to four spikelets (at 10 
days after anthesis) resulted in an increased supply of sucrose and soluble 
amino compounds available for distribution to remaining grains. However, 
more nitrogen entered the grains of trimmed ears than intact ones, but the 
inflow of sucrose was not increased by trimming the ear, and no more starch 
was deposited in grains developing in trimmed ears. 
The results of the subsidiary treatments of Expt VI are in agreement with 
Jenner's findings. Variation in daily quantities of incident radiation sup-
plied in ratio's of 1:2:3, were not found to affect the accretion of nitro-
gen in the grains, whilst carbohydrate accumulation rates responded to ra-
diation (treatments lasting 6 days around mid-grain filling). 
The results presented in this subsection (cf. Martinez-Carrasco & Thorne, 
1979b) also imply that deposition of nitrogen in grains is even less respon-
sive to short term changes in photosynthesis than carbohydrate accumulation 
"'with respect to long term application of differential levels of radiation 
during grain filling it can be noted that Sofield et al. (1977b) observed 
smaller final grain dry matter and nitrogen yields the lower the level of 
radiation (range: 8 100 to 48 400 lux). The final nitrogen concentration 
was found to be highest at the lowest radiation level. These findings indi-
cate that the nitrogen economy is affected by the availability of carbohy-
Sr-atiTlS-tn-e-Iöng'~tërm7~büt~ they also stress that' protein "synthesis in 
grainsTs ^ «competitive than starch synthesis under conditions of limit-
ing substrate supply. 
103 
4.6.8 Physiological and modelling aspects of ontogenetic change in poten-
tial accumulation rates of grain constituents 
It is generally observed that grain growth enters the linear stage earlier 
the higher the temperature. Presumably the successive developmental stages 
in young grains are passed at a faster rate. Wardlaw (1970) for instance 
observed an accelerating effect of temperature on the rate of endosperm 
cell production. 
An appropriate approach for the description of kernel growth during the 
lag period seems to consider it as a process of exponential growth, which 
can be assigned a temperature dependency, as suggested for young maize 
tissue by de Wit et al. (1970). 
Modelling nitrogen accumulation during this particular stage can be 
achieved by supposing a fixed nitrogen concentration in the new tissue 
formed. In the present experiments the nitrogen content of young grains 
ranged between 24 and 28 mg per g dry matter. Spiertz & Ellen (1978) dis-
sected the grains a bit earlier after anthesis and they found initial con-
centrations of up to 30 mg per g dry matter, with only small differences be-
tween nitrogen treatments. So, for the time being, it seems justified to 
fix the N accumulation rate during the lag phase at 3% of the total DM 
accumulation rate. From the physiological point of view this solution is 
not attractive, and not even completely correct if one considers the re-
sults of Jenner (1980) quoted earlier, but the amounts of nitrogen invol-
ved are small, and therefore the performance of a model will hardly be af-
fected by this assumption. 
Near maturity the rate of nitrogen accumulation in the grains may slow 
down. Two causes, or a combination of both, can be held responsible for 
this phenomenon. These are: 
- an exhaustion of the supply of nitrogenous compounds, 
- a decay of enzymes involved in protein assimilation in the grains. 
Likewise, a slowing down of the rate of starch accumulation near maturi-
ty can be attributed to either a cessation of the supply of carbohydrates or 
a loss of synthetic capacity of the endosperm, or a combination of both. 
In this connection it is relevant to cite the work of Jenner & Rathjen 
(1977). They measured the rate of 14c incorporation in endosperm cells, cul-
tured for five hours in a 14C-sucrose-containing solution. Field-grown ma-
terial was used and measurements were extended over the whole post-floral 
period. The observed time courses of the amount of 14c incorporated into 
starch, on the one hand, and into other material insoluble in ethanol, on 
the other, were more-or-less bell-shaped, since the carbohydrate supply was 
equally favourable for successive cultured samples, these bell-shaped cur-
ves should represent the grain's potential, at least as far as carbohydrate 
metabolism is concerned. Unfortunately 14C-labelled starch formation ceased 
earlier m time in vitro, than starch accumulation in the field. This in-
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dicates some discrepancy between biosynthesis in intact endosperms and in-
cubation in vitro. Interestingly, the incorporation of C in components in-
soluble in ethanol other than starch (mostly proteins) continued longer than 
the labelling of starch. A slower rate of decay of enzymes involved in pro-
tein metabolism compared to those involved in starch formation might be one 
of the factors explaining the rather commonly observed increase in gram 
nitrogen concentration during the terminal stage of grain filling. 
The work of Jenner & Rathjen (1977) provides elegant evidence in support 
of the proposition that the grain itself is actively involved in the regula-
tion of the accumulation of various compounds, incorporation into a model 
of the bell-shaped patterns for ontogenetic drift in potential accumulation 
rates, described by Jenner & Rathjen, is not straightforward, but could 
be a possibility. However, for the time being the simpler approach is pro-
posed of an exponential initial stage and constant potential rates for the 
rest of the grain-filling period. In most cases the absence of a decay 
mechanism of synthetic capacity of grains is not expected to lead to erra-
tic model predictions of grain growth during the terminal stage of gram 
filling, as the substrate supply will be small anyway. Only in crops rich 
in nitrogen, where ear maturation may precede senescence of vegetative 
parts (as for instance in Expt II), the omission of decay of synthetic capa-
city may lead to higher predicted than observed grain dry weights near 
maturity. 
4.7 UPTAKE AND REDISTRIBUTION OF NITROGEN AFTER ANTHESIS, AS AFFECTED BY 
NITROGEN FERTILISATION 
At any instant during grain filling the rate of nitrogen accumulation 
in grains is the smaller of two rates, viz. the potential rate of incorpora-
tion in the grains (controlled by physiological and genetic factors m the 
grain) and the rate at which N becomes available either through uptake or 
remobilization. , , „•-.;,,„
 ne 
The (potential) rate of remobilization can be assumed to be a function of 
the amount of nitrogen present in vegetative parts. Presumably not all of 
the nitrogen in vegetative organs can be removed, a fair estimate for-trap-
ped' nitrogen is 0.4% of the dry weight. For that reason the amount of ni-
trogen potentially available for relocation is defined by the total amount 
of nitrogen minus 0.4% of the shoot dry matter. nitro-
Table 32 contains data about the amounts of potentially • - £ * * ^ 
- „„in a<? well as the ratet> «JJ. 
gen present at anthesis per shoot and per gram, as well
 tempera-
nitrogen accumulation per grain during the linear - ^ ° £ £ £ £ £ 
ture treat.ents were selected (IS'C. 16-C. outdoors,u£ follows
 re y 
from this tabulation that there is no simple ^ ^ ^ ^ ^ i a l -
of N accumulation per grain and the f ^ ^ ^ ^ U ^ s of 
ly available for relocation. First of all it can be n 
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Table 32. Amounts of nitrogen (N) potentially available for relocation 
measured at the first sampling after anthesis, and nitrogen accumulation 
rates per grain during the linear stage from treatments grown at 15°C, 
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nitrogen accumulation within a cultivar were rather constant, e.g. a repre-
sentative figure for cv. Bastion was 18 pg N-grain-1-d"1 (Expts II and VB) 
and 26 \ig N-grain" -d" for cv. Adonis (remaining experiments). Within cv. 
Adonis the figures from Expt VI were rather small; this was also shown for 
total dry matter accumulation rate per grain. Even when the data of Expt VI 
are discarded for a moment, it appears that within a cultivar the rate of 
nitrogen deposition per grain is not predetermined by the (initial) amount 
of nitrogen which is potentially available for relocation. 
By combining the data in Tables 32 and 12 it can be derived that there 
is a tendency towards a relatively higher contribution to grain N yield 
by post-floral uptake in cases where the initial amount of nitrogen, poten-
tially available for relocation, was relatively small per grain. For that 
reason a plot was constructed with 'gross-root contribution' to grain N 
yield (= relocation from root tissue plus net uptake) as the ordinate and 
the weighted mean concentration of nitrogen in shoot dry matter at anthesis 
as the abscissa (Fig. 30); only low temperature treatments were selected. 
Fig. 30 indeed corroborates the suggested association between nitrogen con-
centration at the beginning of grain filling and post-floral uptake. How-
ever, three data points drop clearly from an otherwise rather smooth curve, 
viz. Expt VI NI, VA NI and Expt III Nl-16. It is highly likely that in these 
cases there was not enough nitrogen available for uptake. 
Nitrogen uptake seems to be 'sink' dependent to some extent. This follows 
from the tendency towards a larger post-anthesis uptake in crops with a re-
latively low (initial) nitrogen concentration (Fig. 30). Furthermore, an in-
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%'gross' root contribution 







J i L 
13 15 17 19 21 23 
weighted mean N concentration in 
the shoot around anthesis (mg N-g"DM) 
Fig. 30. The relationship between 'gross' root contribution to grain nitro-
gen yield (consisting of additional net N uptake after anthesis plus N re-
moved from root tissue) and the nitrogen concentration in shoot dry matter 
at anthesis. Data from experiments and treatments with a moderate tempera-
ture regime (15°C, 16°C, outdoors). 
creased 'N demand', either due to an enhanced potential nitrogen accumula-
tion rate of the grains at higher temperature (Expt II 20, Expt IV B22), or 
due to investment of nitrogen in regrowing side tillers (N2 and N3 treat-
ments of Expt III), resulted in an increased nitrogen uptake from the root 
medium. An increased post-anthesis uptake of nitrogen at warmer temperatures 
can also be inferred from the data of Spiertz (1977). 
The nitrogen economy of a wheat crop in its post-floral stage can be 
handled in a simulation model on the following simplified basis. The rela-
tively small variation in N accumulation rates within a cultivar gave rea-
son to postulate a genetically-controlled potential N accumulation rate per 
kernel, which can be regarded as being constant during the linear stage of 
grain filling, at least at a fixed temperature (Q10 - 2.0). The "lative 
contributions to N deposition in grains by N removal from shoot organs on 
the one hand, and by N removal from roots plus uptake, on the.other, are 
complementary. The latter can be described as a function of the initial 
weighted mean nitrogen concentration in shoot dry matter as ^ T i s Z * 
The relative contribution of individual shoot organs (chaff and " ^ * a f 
blades, stems and sheaths) to N removal from the total shoot « ^ 
to be numerically egual to the initial relative distribution of nitrogen 
over component shoot organs. 
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4.8 TEMPERATURE EFFECTS ON THE DURATION OF GRAIN GROWTH 
Fi r s t of a l l i t i s necessary to comment on the ques t ion how the duration 
of grain growth i s measured. In the p r e s e n t experiments duration was defined 
as the number of days between an thes i s and the p o i n t where maximum grain dry 
weight was a t ta ined . Anthesis and maximum ea r dry weight, especially, are 
rather d i f f i c u l t to measure uniformly. So the f i g u r e s from the present expe-
riments, given in Table 9, are approximat ions . Sof i e ld e t a l . (1974, 1977a) 
defined duration in a d i f f e r en t manner. They der ived dura t ion by extrapola-
t ion of the l ine for l i n e a r growth to i t s i n t e r s e c t i o n s with zero and with 
mature weight. This may be c a l l e d ' c a l c u l a t e d ' d u r a t i o n . Obviously, treatment 
effects on duration can be assessed more sha rp ly by t h i s method, at least, 
i f growth stops ra ther abrupt ly . However, because the i n i t i a l lag is depen-
dent on temperature and because n i t rogen accumulat ion may proceed at an al-
most constant r a t e during a longer per iod than t o t a l DM accumulation (cf. 
Table 7), a function descr ib ing the e f f e c t s of temperature on duration needs 
to cover the whole p o s t - f l o r a l pe r iod . 
The re la t ionship between temperature and the t ime lapse required to com-
plete a cer ta in stage of development has been q u a n t i f i e d in several ways. 
Mutsaers (1976) demonstrated t h a t the logar i thm of the b o l l maturation peri-
od in cotton was d i r e c t l y (but i nve r se ly ) r e l a t e d t o temperature. Feddes 
(1971), for instance, observed a d i r e c t r e l a t i o n s h i p between the reciprocal 
of the time lapse required to reach 50% emergence of seeds and temperature. 
The l a t t e r approach i s in fac t comparable wi th a degree-days or heat sum 
concept in which the (mean) da i l y temperature i s diminished with a constant 
figure (minimum temperature) . Bierhuizen & Wagenvoort (1974) and Wagenvoort 
& Bierhuizen (1977) applied t h i s approach s u c c e s f u l l y to quantify tempera-
ture effects on germination of seeds , w h i l s t Gal lagher (1979) employed it 
to re la te temperature and dura t ion of l e a f expansion in ce r ea l s . Heat sums 
and minimum temperatures, descr ib ing the tempera ture dependency of the dura-
t ion of
 g r o w t h s t a g e s o f s p r . n g w h e a t b e f o r e a n d a f t e r h e a d i n g # w e r e calcoU' 
b y K o n t t u r i (1979) by means of r e g r e s s i o n ana lyses with data of several 
seasons. 
Both approaches wi l l be t e s t e d for c e r e a l s , us ing data from the present 
experiments and from l i t e r a t u r e . Some of the l i t e r a t u r e data had to be read 
from g r a p h s . There are number of d i f f e rences between the experiments ft-
and L M * I ° r i 9 i n * t e . In most cases , except in the present experiment* 
zztht:i ::::rtz (i977)'differentiai **and night t e m p e r a tt -
of dat , K converted to weighted mean d a i l y temperatures. Two 
U b e a r
 °
n w e i
*hted mean seasonal tempera tures from f i e ld « p e r * 0 * 8 ' 
data f i f** **iVrtz <1978>< « * t h a t from Gal lagher e t a l . H^h * aaza fr
°m Sofield e t al n o , , „• -i M976) "ave 
f a r i n g on the -calculated J *' ^ ^ G a U a g h e r 
M
°st experiment 1 C U l a t e d dura t ion (see above) .
 dla« 
xpenments
 w e r e d o n e w i t h w h e a t / ^ ^ ^ ^ ( C h o w d n U r y & *" 
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1978) and two with barley (Gallagher et al., 1976; Andersen et al., 1978). 
Considering the difficulty in measuring the duration of grain filling 
exactly and although not all of the lines are straight, Fig. 31 shows that 
the assumption of an inverse exponential relationship between duration 
(D, days) and temperature is not clearly disproved. The fact that most lines 
for wheat (except those from field experiments) run more or less parallel 
indicates that - if an exponential relationship is assumed - the (negative) 
exponent can be taken constant. For wheat the numerical value of the slope 
is about -0.031. A rule of thumb that can be derived from the data reads 
that the duration of growth is approximately doubled per 10°C drop in tem-
perature .
 4 
Lines from different experiments and species differ primarily in inter-
cept. Fig. 31 shows that at any temperature the duration of grain growth 
was shortest for barley and longest for sorghum. Of course, for wheat the 
intercept is smaller when the duration of grain growth is calculated as was 
done by Sofield et al. (1974, 1977a). 
Fig. 32 shows a family of points, obtained by plotting l/D (D = duration 
in days) against T (T = temperature in °C). From the figure it can be seen 
that on data from the same source the relationship between 1/D and T is 
fairly direct. Exceptions are the data derived from Sofield et al. (1974, 
Fig. 1) and Spiertz (1978), which refer to observations in field crops 
made in several seasons. From most data depicted in Fig. 32, simple linear 
regressions were calculated; the results are shown in Table 33. The last 
column of that table displays the minimum temperature at which there is no 
progress in development and at which duration becomes infinite (mathemati-
cally speaking). For wheat grown in the phytotron, the minimum temperature 
(Tmin) appears to be about 6°C, except when duration is established by the 
method of Sofield; Table 33 indicates an apparently higher minimum tempera-
ture for field-grown wheat and a lower one for barley (grown indoors). The 
reciprocal of the slope b of the regression equation between 1/D and T re-
presents the heat sum above the minimum temperature required to complete 
the grain-filling stage. Fig. 32 and Table 33 indicate that for wheat grown 
indoors the minimum temperature and the heat sum are about 6°C and 624 
degree-days, respectively. 
Considering the fact that the duration of grain-filling period was gene-
rally not determined sharply in the experiments from which the data were 
analyzed, it can be concluded that fitting of 1/D against T is an acceptable 
tool to quantify the effects of temperature on duration of grain growth. 
From the mathematical point of view an inverse direct relationship between 
log D and T and a direct relationship between 1/D and T are mutually exclu-
sive. Based on the gathered material it is hard to decide which of the two 
appoached should be considered the best. However, a regression equation be-
tween 1/D and T has the virtue that it can be incorporated into a dynamic 
model straightforwardly, as the reciprocal of time (duration) is a rate. 
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wheat + : Expt. II 
©=Expt. Ill 
» = Expt I I 
a = Sofield et al. (1974.fig.5 ) 
A = Sofield et al (1974.fig.l) 
© = Spiertz (1974) 
v = Spiertz (1977) 
©=Spiertz (1978) 
© = Warrington et al. (1977) 
barley * = Andersen et al. (1978) 
o = Gallagher etal.11976) 
sorghum« = Chowdhury et al. (1978) 
10 12 14 16 18 20 22 24 26 28 30 32 34 
temperature CO 
Fig. 31. Relationships between the logarithm of the duration of the grain-



















wheat + = Expt. II 
© = Expt III 
» = Expt IT 
• = Sofield etal.l1974.fig.5l 
A = Sofield et al.(1974,fig.D 
© = Spiertz (1974) 
v =Spiertz (1977) 
©= Spiertz (1978) 
© = Warrington et al. (1977) 
barley A = Andersen et al. (1978) 
o = Gallagher et al.(1976) 
sorghum» = Chowdhury etat.(1978) 
0 2 4 6 S 10 12 14 16 18 20 22 24 26 28 30 32 34 
temperature ('C) 
Fig. 32. Relationships between the reciprocal of the duration of the grain-
filling period (1/D) and temperature. Data from several sources. 
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Table 33. Simple linear regressions of the reciprocal of duration of the grain filling 
period (1/D, D measured in days) against temperature (T, in °C). 
Reference Crop plant Details a 1/D = a + b T Im<„ (°C) in 
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c = 'calculated duration', see Section 4.8. . 
d = differential day/night temperatures, converted to weighted mean daily tempera-
tures. 
f = regression of duration in the field on mean temperatures during grain filling 
taken over several years; a l l other experiments were executed under controlled 
conditions, 
m = each indivudal data point represents a mean of several replicates or cultivars. 
In the above analyses i t was assumed imp l i c i t l y t h a t temperature i s the 
pr inc ipa l f ac to r determining the durat ion of grain growth within spec ies . 
The fac t t h a t for var ious sources of data durat ion could be described as a 
function of temperature , suggests s t rongly t h a t t h i s -assumption i s indeed 
j u s t i f i e d for a given crop. But poss ib le impacts of other environmental or 
(morpho) gene t i c f ac to r s on durat ion should not be ignored. Sofield e t a l . 
(1977a) mentioned l i t t l e e f fec t of a s ix - fo ld range in level of i r r a d i a t i o n 
on dura t ion . Di rec t e f f ec t s of ni t rogen on duration seem small (Expts I I I , 
VA and VI; and El len & Sp ie r t z , 1980), in sp i t e of a considerable impact of 
nitrogen on lea f senescence. Some genet ic determination of durat ion seems 
l i ke ly ; c u l t i v a r s a re usua l ly c l a s s i f i e d in categories according to t h e i r 
r e l a t i v e da te of matur i ty (of course, differences in dates of anthes is 
should be accounted for as w e l l ) . Fig- 32 indica tes t ha t genet ic and pos-
s ib le p r e - a n t h e s i s h i s t o r y impacts on durat ion a l t e r pr imari ly the slope of 
regress ion of 1/D agains t T. 
Grain s i z e can be suspected to phys ica l ly l i m i t the acceptance of carbohy 
« ra t e s .
 A g a i n , the fac t t h a t in wheat, bar ley and sorghum 1/D and T could be 
f i t t e d by a simple l i n e a r regress ion , suggests t h a t the physical^ Ix-xt of 
the g r a m s i z e does not control the durat ion of grain growth m these, spe-
cies in p r a c t i c e . Accumulation of dry matter in r i c e may be *^°™*" ** 
Umits on the phys ica l s ize of the hu l l (van Keulen, 1977) Th i s can b 
i l l u s t r a t e d fu r ther by data of Chowdhury * Wardlaw (1978). These workers 
111 
reported that in an indica and in a japonica rice type the mean kernel 
dry weight at maturity responded little to temperature treatment in the 
range of 21°C/16°C to 30°C/25°C (day/night temperatures).. The fact that 
it is impossible to fit 1/D against T, especially for indica rice, sug-
gests indeed that some factor other than temperature controlled the cessa-
tion of dry matter accumulation in the grains. 
4.9 THE DISTRIBUTION OF DRY MATTER AND NITROGEN AT ANTHESIS 
In Subsection 3.1.2 and 3.3.2 it was found that the amounts of dry matter 
and nitrogen were distributed in fairly fixed proportions over ear structu-
res (chaff and rachis), leaf blades and stems and sheaths around anthesis. 
This rather stable pattern was observed in spite of a wide range in mean 
shoot dry weights and in nitrogen concentrations between experiments. This 
section sets out to confirm this finding using data from other sources. 
Original data from field experiments were supplied by Dr Thorne of Rothamsted 
Experimental Research Station (Harpenden, U.K.) and by Ing. J. Ellen and 
Dr Spiertz of the Agricultural University of Wageningen and of the Centre 
for Agrobiological Research, Wageningen, respectively. The data supplied 
by Dr Thorne were the basis of articles written by Pearman, Thomas & Thorne 
(1977, 1978a). These workers investigated the effect of 8 or 9 nitrogen 
dressings on crop performance during several seasons and with several culti-
vars and/or genotypes. Table 34 provides some information about those crops 
and treatments; for more details the reader should consult the papers writ-
ten by Pearman et al. (1977, 1978a) about these studies. Data from Austin et 
al. (1977; 47 genotypes) and Kramer (1978; comparison of the old cultivar 
Juliana with the modern cultivar Lely) were evaluated as well. 
From the sources mentioned above Table 35 contains data about the crop 
dry weights, the distribution of dry matter, the specific leaf area, as well 
as the total amounts, the distribution and the concentrations of nitrogen at 
anthesis. The total amount of above-ground dry matter, present around anthe-
Table 34. Some features of crops and treatments of the experiments described by 
Pearman of al flQ77 loio.l r ' Pearman et al. (1977, 1978a). 
Wheat type Cultivar Seasons N treatments 
spring „heat Kleiber 1972, 1973, 1974 0-200 kg-ha"1 in 25 kg steps3 
wneat W i n t e r ^ P e l l H " ^ ^ 1 9 7 5 , 1 9 7 6 °- 2 1 0 k*- h a"î in 30 kg steps 
«heat M a n s Huntsman 1975, 1976 0-210 kg-ha"1 in 30 kg steps 
semi-dwarf Maris Fundin IQTCL „ „ -1 
winter „heat Marls HobMt 97fi °nT° kg"ha- i n 3° k g S t 6 p S 
u I 9 7 6
 0-210 kg-ha x in 30 kg steps 
a Dressings given in one dosing in spring 
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Table 35. A compilation of some data about the distribution of dry matter and nitrogen, 




wheat type : 
% of t o t a l 
DM in : 
ears 
leaf b lades 
stems and 
sheaths 
t o t a l DM g-m"2 
spec . leaf a rea 
dm -g ; range 
mean 
-







I of total N in: 
ears 15 
leaf blades 39 
stems and 
sheaths 46 
weighted mean N 
content of shoot 
(mg-g ) 14.5-26.4 
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troatmpnt, and wheat type. 
sis, varies considerably, depending on season, treatme , 
conditions are about 8 tonnes-ha for sprms « 
winter wheat. tnatUral constant' (cf. 
The specific leaf area cannot be cons, ere a - t ^ ^ ^ 
Aase, 1978), but especially based on h ^ P
 in ^ or(Jer 
data (Table 35) it is fair to assume SLA s p e ^ ^ ^
 We cQuld 
of 1.9 dm2 green area per gram leaf dry weig
 Rothamsted data. 
not find an effect of nitrogen treatment on the SLA in the 
According to Aase's data (1978) the SLA ranged between 1.8 
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area-g-1 leaf dry weight around anthesis in winter wheat (several seasons 
and cultivars, Montana, U.S.A.). 
Table 35 reveals that the relative distribution of dry matter over ears, 
leaf blades and stems and sheaths is rather fixed indeed, despite consider-
able variation in total crop dry weight at anthesis; fair figures are: 16% 
in ears, 18% in leaf blades and 66% in stems and sheaths. 
An attribute of dry matter distribution, not specified in Table 35, con-
cerns the shoot/root ratio (S/R). A well documented example of the changes 
with time in the dry weights of shoots and roots of a winter wheat crop is 
given by Gregory et al. (1978). According to their results it is reasonable 
to assume a S/R of about 10 at anthesis. This figure is in line with data 
given by Welbank et al. (1974). 
The amount of nitrogen, present in above-ground organs at anthesis is 
subject to considerable variation, depending mainly on fertilizer manage-
ment, season and wheat type. Assuming a weighted mean mass fraction of ni-
trogen in dry matter of 14 mg N-g_1DM, the amount of nitrogen taken up at 
anthesis by average crops (specified above) is 110 kg*ha-1 in spring wheat 
and 150 kg-ha for winter wheat. 
The data in Table 35 do not indicate narrow ranges for the relative 
distribution of nitrogen over aerial organs at anthesis; the proportion of 
shoot nitrogen located in ears is about 15%, the proportions in leaf blades 
and in stems and sheaths range between about 30-45% and 40-50%, respectively. 
In the present experiments the proportion of nitrogen in stems and sheaths 
tended to increase with more nitrogen at the expense of the proportions of 
nitrogen in leaf blades and in ears (Table 11). This might hold in general. 
Helpful alternative attributes to describe the nitrogen distribution at 
anthesis are the mass fractions (concentrations) of nitrogen the dry matter. 
It appears from the data given in Table 35, supplemented by those of Spiertz 
& Ellen (1978) and Gregory et al. (1979), that the initial mass fractions of 
nitrogen around anthesis are in the order of 17-20 mg N-g-1DM in ears, 26-35 
mg N-g" DM in leaf blades and 6-11 mg N-g-1DM in stems and sheaths. Initial 
nitrogen concentrations in root tissue are about equal to or slightly higher 
than those in stems and sheaths. 
The vast body of data supplied by Dr Thome (cf. Table 34) made it pos-
sible to establish the relationships between various crop attributes. Table 
36 shows that the dry weights of individual shoot organs (ears, leaf blades, 
and stems and sheaths) could be described satisfactorily as linear functions 
of the total shoot dry weight around anthesis. An interesting detail is that 
the semi-dwarf winter wheats invested relatively more dry matter in ears 
than the other wheat types. It can be derived from data in Table 36 that 
leaf dry weight constitutes a somewhat greater proportion of shoot dry 
weight the heavier the crop. The leaf area index (LAI) was closely associa-
ted with shoot dry weight. It appeared, however, that the direct relation-
ship broke down at LAI values greater than 4.0, indicating that this LAI 
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Table 36. Relationships between crop attributes at anthesis, derived from the 
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a Raw data obtained from Dr Thorne; experiments described by Pearman et al. 
(1977, 1978a), see also Table 34. 
b s wh = spring wheat crops only; t w wh = tall winter wheat crops only; 
all = all data bulked 
c dw = dry weight, in g-m 
value was the limit above which additional green area was less efficiently 
employed in dry matter accumulation. When the green area of stems and 
sheaths was included in the LAI a basically similar strong association With 
shoot dry weight was obtained, at least up to LAI 9.0. It is interesting to 
note that this limit on 'productive' total LAI was mentioned by Thorne al-
ready in 1974 (Thorne, 1974), In contrast with the present results, Aase 
(1978) reported a breakdown of the direct association between green area 
and crop dry weight past growth stage F5 (field grown wheat in Montana, 
U.S.A., for several cultivars and seasons). _2 
The total amount of nitrogen present at anthesis (expressed in g-m ) 
was correlated with total shoot dry weight as well, although the coeffi-
cient of determination, r2, was rather small compared to those found for 
most other regressions. It is worthwhile to mention that in the Rothamsted 
experiments the nitrogen concentrations in the shoot dry matter at anthesis 
increased only slightly with crop dry weight. Averaged over all crops the 
average nitrogen fractions amounted to 10.5, 12.9 and 13.8 mg N-g DM at 
400, 700 and 1000 g-m"2 shoot dry weight, respectively, considered for the 
winter wheat crops separately the nitrogen fractions at the specified crop 
dry weights were on average: 97, 115 and 123 mg N-g^DM. Without going into 
detail, it seems that in several treatments of the Rothamsted experiments 
the nitrogen in the dry matter was diluted to the maximum limit possible; 
115 
looking at it from the other side one can say that the poor availability 
of nitrogen restricted dry matter accumulation in several cases. Especially 
in 1976, the unusual drought is likely to have affected the nitrogen regime 
of the crops as well. 
What matters here is that the level of nitrogen nutrition as such does 
not seem to greatly affect the relative distribution of dry matter over 
aerial organs at anthesis (Table 35, Expts III, VA and VI). 
4.10 CONSIDERATIONS ON CROP DEVELOPMENT AND GRAIN YIELD 
4.10.1 The determination of kernel numbers 
There appeared to be an association between the number of kernels per 
square metre and the crop dry weight at anthesis in the Rothamsted experi-
ments, but the r values were not extremely high (Table 37). Darwinkel 
(1978; personal communication 1979) examined crop performance in winter 
wheat at several planting densities. Different shoot dry weights (expressed 
—2 in g-m ) and kernel numbers were thus obtained. Because crop dry weights at 
anthesis were not available the relationships between the number of kernels 
per square metre and straw dry weight (leaves plus stems) at maturity were 
calculated from his data. To allow a comparison with Darwinkel's figures to 
be made a regression was worked out on Rothamsted data with straw plus chaff 
dry weight at maturity as the independent variable (Table 37). It can be 
seen that the parameters of the regression equations show some variation 
between individual data sets. This indicates that there are more determi-
nants of the number of kernels than just the mass of vegetative organs; 
the rather high intercepts (2 500 till 4 500 kernels-m-2 at zero shoot or 
straw dry weight) point in the same direction. In spite of this, it seems 
to be justified to state that on average high kernel numbers can only be 
obtained with sturdy vegetative development. 
At any crop dry weight, the semi-dwarf winter wheats tended to produce 
more grains than the other wheat types used in the Rothamsted experiments. 
Thus a genetic effect may be involved in the determination of the number of 
kernels. Furthermore, kernel numbers per ear were found to be smaller the 
higher the temperature and/or the lower the level of irradiance around 
anthesis (Wardlaw, 1970; Spiertz, 1977; Warrington et al., 1977; Sofield et 
al., 1977a). After about 5 days after anthesis the number of kernels is not 
affected any more by changes in temperature, except possibly at extremely 
high temperatures (Wardlaw, 1970; Ford & Thome, 1975; Ford et al., 1976; 
Chowdhury & Wardlaw, 1978; Expts II, III and IV). 
It seems that for modelling purposes the effects of temperature and light 
intensity around anthesis on grain set can be interpreted as an adaptation 
of the plant to prevailing assimilate supply. In order to survive a grain 
in statu nascendi needs to receive its daily portion of assimilates. As 
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Table 37. Associations between the number of kernels per square metre and 
of the vegetative mass. 
the dry weight 




Y = a + b X Range in X 
s wh 
t w wh 
all 
s wh 
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at anthesis 3384 10.3 27 0.57 
shoot dw 
at anthesis 4141 7.2 32 0.82 
shoot dw 
at anthesis 3929 10.2 16 0.72 
shoot dw • 
at anthesis 4114 8.6 75 0.64 
number of ker- non-grain 
nels-m shoot dw 
at maturity 3710 11.6 27 0.66 
non-grain 
shoot dw 
at maturity 3503 11.3 32 0.86 
non-grain 
shoot dw 
at maturity 2401 19.4 16 0.84 
non-grain 
shoot dw 
at maturity 4334 11.1 75 0.63 
straw dw 
at maturity 2344 17.1 8 0.96 
straw dw 











a A = data from the Rothamsted experiments (see Table 34> 
B = data from Darwinkel (1978, personal communication 1979;. 
b s „h = spring wheat crops only; t w wh = t a l l wint « w h e a t er o p e n l y ; 
sd w wh = semi-dwarf winter wheat crops « ^ » J 1 ^
 D a r w i n k e l (1978); 
977 = winter wheat crop grown in 977 " » « J f \ w i a t a l 
1979 = winter wheat crop grown in 1979, stuaiea uy 
-2 
c dw = dry weight, in g-m 
th is daily ration is tempera-
temperature speeds up physiological processes ^ ^ 
ture dependent. If the daily rate of assimilate supply ^ ^ ^
 r e s t o r e 
the requirements of a l l grains, as-any^are ^ ^
 Q£ i n t e r p r e t a t i o n 
the balance between requirement and *"™W development: t i l l e r ing 
can be extended to both ear l ie r and la ter e v e n t
 e n d o s p e r m cells for-
and t i U e r death, f loret in i t i a t ion and the numb J ^ ^ ^
 a n d 
med can a l l be thought to be governed by a balance D 
supply of assimilates.
 d e s c r i b e d t i l l e r ing responses when the 
Gif ford (1977) and Darwinkel (1978) ae ^ ^ _ ^ ^ variation in 
mean daily rate of assimilate supply per p an ^ those two studies i t 
CO, concentration or planting density, respectively. 
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is clearly shown that adaptation or compensation is accomplished in such a 
way, that a rather stable final individual kernel dry weight results. In 
several other studies with wheat, where crop morphology was varied by nitro-
gen nutrition, or where cultivars were grown in different seasons, the final 
mean kernel dry weight turned out to be the most stable component of yield 
(Langer & Liew, 1973; Ellen & Spiertz, 1975; Spiertz & Ellen, 1978; Spiertz 
& van de Haar, 1978; Pinthus & Sar-shalom, 1978). The stability of mean ker-
nel dry weight in barley was described and discussed by Gallagher et al. 
(1975). 
It seems that the prediction of a relatively stable final grain dry weight 
can be used as a test criterion for any model or formalism describing the 
effects of environmental factors, exerted up to one week after anthesis, 
on the determination of yield components in wheat and barley. 
Although adjustment of the number and the size of sinks to the balance 
of requirement and supply at several stages of development is a view that 
overlooks genetic and physiological details of the determination of the 
structure of a crop, the concept may prove to be powerful enough to give 
good agreement between simulated and observed plant responses to environmen-
tal factors. Van Keulen (1977) adopted such an approach in modelling the 
growth of rice, and application in wheat is in progress (van Keulen, personal 
communication, 1981). 
It is highly relevant to quote results obtained by Rawson & Bagga (1979). 
Their findings support several of the points made above. They found that the 
grain number of the main ear was closely correlated with the amount of dry 
matter in stem, ear structures and in the four uppermost leaves of the main 
shoot; the partial correlation coefficients demonstrated than leaf weight 
was best related to grain number. Furthermore they inferred from the experi-
ments with temperature treatments in three cultivars that dry matter is 
distributed to various plant organs before anthesis is in a fixed propor-
tion, irrespective of the availability of assimilates. A similar conclusion 
was draw in the previous section in this report with respect to the effect of 
nitrogen on the distribution of dry matter. Rawson & Bagga (1979) found a 
good correlation between the number of grains per main ear and the ratio of 
the sum of total short wave radiation : sum of day degrees above 7°C between 
sowing and anthesis. 
4.10.2 Pre-anthesis development, kernel numbers and grain yield 
In a number of studies a direct relationship was found between yield 
(expressed in g-m" ) and the number of grains per square metre, at least 
up to certain kernel densities. Under Dutch conditions the relationship 
was found to be direct up to 18 000 kernels-m"2 by Darwinkel (1978) and to 
more than 21 000 kernels-irf2 by Spiertz (1978). This difference in upper 
limit of kernel numbers might depend on season or cultivar (for instance, 
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Table 38. Associations between grain yield (g*m ) and the number of kernels per 
_2 
square metre, and between grain yield and the dry weight (= dw, in g*m ) of the 
vegetative mass. 
Reference Crop3 Dependent Independent Y = a + b X Range in X 
plant variable Y variable X 
2 
r 
A all grain yield number of 
kernels 61 0.036 75 0.90 5711-17156 
A all grain yield shoot dw 
at anthesis 171 0.363 75 0.78 370- 1207 
B 1977 grain yield straw dw 
at maturity 134 0.630 8 0.88 349- 1260 
1979 grain yield straw dw 
at maturity 312 0.710 12 0.81 742- 1096 
a See legend to Table 37. 
because cultivars differ in grain number under comparable conditions (see 
previous sections)). The paper by Spiertz (1978) provides a detailed account 
of literature data for wheat. 
Table 38 shows the association between grain yield and the number of 
grains averaged over all Rothamsted data. Examples of a close relationship 
between grain yield and kernel number in barley were also presented by 
Gallagher et al. (1975) and Dyson (1977). One can conclude that on average 
higher cereal yields can be expected the more kernels are set. 
Because the number of grains per square metre was shown to be related to 
the vegetative mass at anthesis, the relationships between yield and shoot 
dry weight at anthesis were examined in the data sets from Thome and 
Darwinkel. Straw dry weight at maturity replaced shoot dry weight at anthe-
sis in the data set from Darwinkel because the latter data were not avail-
able. This replacement is not of vital importance because a strong correla-
tion between straw dry weight at maturity and shoot dry weight at anthesis 
can be envisaged. The results of the regression - ^ ^ V ^ ^ d e r a 
dicate a rather strong correlation between the variables under ««»ider. 
tion. This reinforces the proposition that on average high yields can only 
be obtained with expansive vegetative development. .. .,M(1 
in areas with a stable climate during grain filling, yield P ^ « « 
can in principle be derived from regression « ^ t o o M " l a ^ ^ i ^ . 
weight at anthesis to final grain yield. In areas wit* unstable variole 
weather conditions during grain filling, the amount of u n c e r t " ^ ^ » 
too large. When the number of endosperm cells has been f ^ J ^ £ ^ 
run out of compensation — ^ t " ^ - - ^ 
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which will summarized and applied in the next chapter, will hopefully allow 
progress to be made in attempts to quantify the impacts of radiation and 
temperature on crop performance during grain filling, given a certain crop 
structure at anthesis. 
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5 Simulation of post-floral growth in wheat 
5.1 OUTLINE OF THE STRUCTURE OF THE MODEL 
A CSMP simulation model was constructed of the grain-filling stage of 
wheat. The model describes and interrelates gross photosynthesis, respira-
tion, the accumulation of carbohydrates and proteins in the grains, addi-
tional uptake and redistribution of nitrogen and leaf senescence as affected 
by the state of the crop at anthesis and radiation and temperature during 
the grain-filling period. The model is designed to run with time steps of 
one day, whilst weights of various constituents and ultimate dimensions of 
rates of processes are expressed per square metre of land. A good deal of 
the justification of the approach has been presented already in Chapter 4, 
and many of the generalizations arrived at will be summarized implicitly in 
the following treatment of the basic sections of the model. 
The model lacks provisions enabling évapotranspiration to be computed. 
Therefore, water stress cannot be accounted for. This precludes the direct 
application of the model for conditions where the limited availability of 
water is an overruling factor. However, it should be possible to extend the 
model to incorporate the factors of water status of plant and soil. Further-
more, modifying effects of pests and diseases are not dealt with, nor is it 
possible to compute the amount of soil nitrogen available for uptake by the 
plant. 
Computation of the daily gross photosynthesis rate A procedure for the 
calculation of daily totals of gross photosynthesis, described by °°u<*iaan 
& van Laar (1978), was incorporated into the simulation of grain growth. In 
this sub-model the relationship between gross photosynthesis per unit green 
area and absorbed radiation is represented by an asymptotic W°™^al 
equation, which is completely defined by two parameters. These are the pho-
tosynthetic capacity at saturating radiation, AMAX, and theslope « * * £ 
curve at the origin, EFFE. A typical value for EFFE is 0 4 (kg CC-ha -h )/ 
J.C.-2.S-1) (Goudriaan, personal communication, 1980). The extinction f 
light in the canopy proceeds exponentially with leaf - a index calculated 
from the top. Both incoming photosynthetically active radiation (PhAR)i and 
gross photosynthesis are calculated as averages over the day, accounting for 
differences in light distribution between clear and overcast skles^ 
In this sub-model no account can be taken of differences * " ? £ £ * * 
v, +• ,-»en tiques of various nature (leaf biaaes, leaves of various age or between tissues or va 
~=r-\ Therefore the value inserted for AMAX re leaf sheaths, peduncle, ear). Thereiore 
presents an average for all types and ages of green tissue. In Subsection 
4.3.3 it was discussed that AMAX may decline in a senescing leaf. Based on 
results of Expt I, AMAX was assumed to decline in proportion to the decline 
in green area index, which is expressed by the formula AMAX = AMAXI x RELLAI, 
where AMAXI is the value for AMAX of the foliage at anthesis and RELLAI the 
ratio between the remaining green area index at a point in time and the 
value at anthesis. Possible impacts of temperature and of (initial) nitro-
gen concentration on AMAX and on EFFE were not considered in the model. 
Computation of respiration rates (in glucose units) Growth respiration in 
grains was calculated by applying the coefficients of Penning de Vries 
(1975a). Ear growth-respiration rates thus totalled 0.116 times the carbohy-
drate accumulation rate, and 0.505 times the protein accumulation rate. The 
'cost' of synthesis of other compounds was ignored. 
Computation of respiration of vegetative parts from basic biochemical 
data turned out to be difficult (Subsection 4.5.3). Therefore empirical 
coefficients were employed. The (maintenance) respiration of ear structures 
was related to the initial ear dry weight and was programmed as a hyperbolic 
decline with developmental stage, starting with a coefficient of 22 mg glu-
cose- g~ dry weight at anthesis and attaining half that value at maturity 
(i.e. if respiration at that time was not restricted because of lack of sub-
strates). The coefficients adopted for. respiration of stems and sheaths, and 
roots were 5.6 and 10 mg glucose-g dry weight-d-1. Leaf laminar respiration 
was linked to green area by adopting a value of 1.11 gram glucose per unit 
2 
LAI (m ) per day. The above mentioned coefficients hold at 16°C but were 
(except for roots) temperature dependent, with a Q of 2.0. Actually achie-
ved respiration rates decreased as substrates became limiting. Furthermore, 
respiration rates were multiplied by the reduction coefficients for export 
of nitrogen. These coefficients will be defined in the discussion of the 
nitrogen economy. 
Test runs showed values for the efficiency of growth, GE, ranging between 
0.55 and 0.65 when potential growth was achieved and smaller values near 
maturity (the term GE is mostly used in literature of Japanese origin; it is 
defined as: increment in dry weight/(increment in dry weight plus respiration 
in glucose units)). The obtained GE values are in accordance with published 
values (e.g. Yamaguchi, 1978; Hodges & Kanemasu, 1977, and references cited 
therein) as well as with values calculated from the present series of ex-
periments. Thus it seems justified to conclude that predicted respiration 
rates are in the correct order of magnitude. 
Computation of the accumulation of carbohydrates and proteins in grains 
Grain dry matter was assumed to consist of protein and carbohydrates, thus 
lumping a few percentages of ash and lipids into the latter fraction. During 
the 'lag phase' (the first week or so after anthesis) carbohydrate accumula-
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tien in grains was assumed to proceed exponentially, with \ M ™ " £ * °j 
0 3 g.g^.d-1 at 16°C, which was assigned a Q1Q of 2.0. During this stage 
rain filling, protein accumulation in grains was fixed at 0.17 times the 
Irbohydrateaccumulation rate. Orain dry weight at anthesis w a , ™ ^ 
to amount to about 7.5 g-m"2. Grain growth was programmed to 
exponential stage to the linear stage when the exponential growth rate 
con.es equal to the potential growth rate in the» ^ « » ^ "
 for c a r. 
Beyond the lag phase the potential accumulation rates per gr 
bohydrates and for protein (POTRCH and POTRPR, respectéely w - -nsij. 
constant at a fixed temperature. POTRCH and POTRPR were * ^ o ™ 
of 1.5 and 2.0 respectively. The model requires the s P e " ^ ° f J s^are 
for these variables at a reference; t e m p e r a t u r ^ ^ ^ ^ ^ ^ ^ 
metre were obtained by multiplication of rates per g ^ ^ 
kernels per square metre, NOKER. Provisionally the number 
lated to the crop dry weight at anthesis, CRDWAN, as follows. 
NOKER = 3 500 + 14 CRDWAN 
«•», ratio between POTRCH and POTRPR varies between 
At moderate temperatures the ratio between
 r e s u l t s were rather 
about 7,0 and 9.0. Test runs revealed thatj* e
 m e t r e (po. 
strongly affected by the Potential acc^latoon « ^ P ^ ^ ^ ^ ^ 
tential rates per grain times number of 3 r a i n ^ e a f Psenescence (and thus 
removal of nitrogen from vegetative parts an ^ ^ discussed in more 
photosynthesis) are linked in the model. This « P ^
 index> N o d e c a y 
detail in the treatment of the calculation^ ^
 g r a i n „ f i l l i n g phase was 
of synthetic capacity of grains at the en ^
 develop_ 
built in, so a slowing of the accumulation » * • * * " * 
ment can arise from exhaustion of substrate supplies only. 
ount of carbohydrates, available 
The carbohydrate economy At each day the amou ^ ^ ^
 p l u s reserves 
for growth and respiration, consisted or g
 d d a t its potential (tempera-
(if present). Carbohydrate consumption p r 0 C e\* a i l a b l e substrates. If the 
ture dependent) rate when there were enoug
 substrates the accumula-
potential demand exceeded the available M 0 U ?
 ss to suffer. It was 
tion of carbohydrates in the grains was the * ^ ^
 o f carbohydrates into 
slowed down to the level required to bring con ^ ^  ^ ^ ^
 small tQ 
equilibrium with the available amount. If the^ ^ . ^ . ^
 p l u s respiration 
meet the glucose demand of grain-protein-gr ^ ^
 r e d u c e d to 
of non-grain parts (while carbohydrate accumulation ^ ^
 r e s p i r a t o r y 
zero already), the deposition of proteins in the g 
processes were slowed down in equal proportion.
 c a r b o h y d r a t e s and either 
Feed-back between the level of non-struct
 d necessary (Sec-
production or utilization of « r » ^ £ ^ ^
 a kind of 'double book-
tion 4.2). To trace possible errors in v 
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keeping' of the carbohydrate economy was built in. 
Nitrogen uptake and redistribution Daily nitrogen demands of the grains 
were met by removal of nitrogen from ear structures (chaff and rachis), 
leaf blades, stems and leaf sheaths, and by removal from roots plus uptake 
from the soil. The maximum relative contribution by roots and soil (uptake) 
to daily accretion of grain protein was treated as one variable, designated 
MXRCRS. MXRCSR was assumed to be related to the weighted mean initial nitro-
gen concentration in shoot dry matter at anthesis, as shown in Fig. 33 
(cf. Subsection 4.6.9). Ear structures, leaf blades and stems and sheaths 
filled up the fraction of the daily demand still left (=1-MXRCRS) in strict 
proportion to the amount of nitrogen present in these organs (Subsections 
3.3.3 and 4.7). This situation only holds when the nitrogen concentration 
in the specified organs exceeds a minimum value. No restriction on the ex-
port of nitrogen was assumed when the nitrogen concentrations were greater 
than 5, 6 and 3.5 mg-g" in ear structures, leaf blades and stems and 
sheaths, respectively. Between these values and 3.5, 4.0 and 2.5 mg N-g DM, 
respectively, the reduction coefficients on export of nitrogen declined 
linearly from 1.0 to 0.0. Arbitrarily, the MXRCRS was multiplied by the re-
duction coefficient for export of nitrogen from stems and sheaths. Potential 
uptake of nitrogen from the soil was thus slowed down as the amounts of re-
locatable nitrogen in stems and sheaths and in roots were becoming exhausted. 
The underlying assumption is that metabolic activity of organs is restricted 
in this stage of nitrogen depletion. For this reason the respiration rates 
of ear structures, stems and sheaths, and roots were also multiplied by the 
reduction coefficients on nitrogen redistribution. 
Potential nitrogen accumulation rates in grains could not be achieved 
anymore when the reduction coefficients dropped below 1.0. Apart from ex-







L / 6 10 14 18 22 
initial N concentration of shoot (mg.g"') 
Fig. 33. The relation used in the model between the variable MXRCRS (maximum 
relative contribution to accretion of the amount of N in grains by net uptake 
from the soil plus N removed from root tissue) and the weighted mean ini-
tial nitrogen concentration in shoot dry matter at anthesis. 
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to limiting availability of carbohydrates (energy), as discussed in the 
treatment of the carbohydrate economy. 
Calculation of the leaf area index The decline of the green area index of 
leaf blades (LAIL) was made dependent of the removal of nitrogen from the 
leaf blades (Subsection 3.5.4). Before explaining the mechanism some vari-
ables have to be defined. The relative nitrogen content of leaf blades, 
RNCLB, is given by NCLB/NCLBI, where NCLB and NCLBI denote the actual and 
initial amounts of nitrogen in the leaf blades, respectively. The relation-
ship between the relative green area index of leaves, RELLAI, and the rela-
tive amount of nitrogen in leaf blades is shown in Fig. 34. For any point 
in time the absolute value for the green area index of leaf blades can be ob-
tained by multiplying RELLAI by LAILI, where LAILI stands for the initial 
green area index of leaf blades at anthesis, which has to be given as an 
input. The total green area index, LAI, was obtained from the green area 
index of leaves, LAIL, by multiplying with 2.2. This conversion coefficient 
was derived from data from experiments, conducted at the Rothamsted Experi-
mental Station, U.K. (Pearman et al., 1977, 1978; Section 4.9). The con-
version coefficient between green area of leaf blades and total green area 
was actually obtained from measurements around anthesis (n=75; intercept 
close to zero, r2=0.94), but it seems fair to assume a proportional decline 
for both variables during the grain-filling period, which in turn means 
the coefficient is assumed to be constant. 
Computation of the duration of the grain-filling period Basically, the 
duration of the grain-filling period was calculated by defining a minimum 
temperature for development, TMIN, and a heat sum above TMIN, HSUM (Section 
4.8). For use in the model these parameters were transformed into a regres-
sion equation that relates the rate of development, DVR, to the average 
0.2 OA 0.6 0.8 1.0 
RPCLB 
Fig. 34. The relation used in the model between the variables RELLAI and 
RPCLB. The latter is defined as the ratio between the actual amount and 
the initial amount of N in leaves; RELLAI is the reduction coefficient by 
which the initial leaf area index is multiplied to obtain the actual value 
of LAI on any day. 
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9 16 23 30 37 44 51 58 64 
days after anthesis 
Fig. 36. Observed (D, A, 0, +) and simulated ( ) crop performance du-
ring the grain-filling stage in winter wheat. Data from treatment 0+0+0 
kg N-ha"1, Wageningen, season 1977/1978 (Ellen & Spiertz, 1980). See legend 
of Fig. 35 for abbreviations and symbols. 






















16 23 30 37 44 51 58 64 
days after anthesis 
Fig. 37. Observed (o, A, 0, +) and simulated ( ) crop performance during 
the grain-filling stage of winter wheat. Data from treatment 40+40+40 kg 
N-ha" , Wageningen, season 1977/1978 (Ellen & Spiertz, 1980). See legend 
of Fig. 35 for symbols and abbreviations. 
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and simulated crop performances were in reasonable agreement, as shown by 
Figs 36 and 37. It is noted that simulated grain dry matter yield exceeded 
observed yield beyond 50 days after anthesis for the nitrogen treatment 
0+0+0 kg-ha , whilst the accumulation of protein in grains was also tran-
siently overestimated. In the treatment 40+40+40 kg-ha-1, predicted nitro-
gen uptake was generally higher than observed values (TOTNIT), but the 
initial measured nitrogen content of the crop may have been over-estimated, 
considering the data of subsequent samplings. 
Lastly, simulations were undertaken of a spring wheat crop grown at a lo-
cation in Wageningen in the season 1977. This crop is described in previous 
chapters under the notation Expt VB. The simulations were begun at 7 days 
after anthesis. Good agreement between observed and simulated crop perfor-
-2 -1 
mance (Fig. 38) was obtained after adjustment of AMAXI to 2.25 g C0,-m -h 
-1 -1 
and of POTRCH and POTRPR to 0.9 and 0.13 mg-grain -d , respectively. 
Fig. 38 also displays the effect of changes in the value inserted for AMAXI. 
The sensitivity of the model for the values of AMAXI, POTRCH and POTRPR will 
be discussed later. 





























i i ' 1 £i-
13 23 27 34 41 48 
days after anthesis 
Fig. 38. Observed (a, A, 0, +, data from Expt VB) and simulated ( ) crop 
performance during the grain-filling stage of a spring wheat crop, grown in 
Wageningen in the season 1977. See legend of Fig. 35 for abbreviations and 
symbols; AMAXI = initial photosynthetic capacity per unit green area at light 
-2 -1 
saturation (g CO_-m -h ). 
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The correspondence between simulated and observed changes in the amount 
of water-soluble carbohydrates (WSC) is an other suitable feature to test 
the performance of the model. It can be seen from Fig. 39 that observed and 
simulated quantities of WSC matched reasonably well for the 1977 spring wheat 
crop (AMAXI=2.25), except for the last weeks of the grain-filling period. 
According to model predictions the reserve pool was empty beyond 38 days 
after anthesis, whilst there was still an appreciable amount of WSC measured 
at ear maturity in the real crop. Possibly this discrepancy arises from the 
assumption in the model, that all WSC are readily available for metabolism. 
In a real plant, however, the situation is presumably more complex, for in-
stance because of spatial separation of sites of 'demand' and of presence 
of carbohydrates. On the other hand, an underestimation of gross photosyn-
thesis or an overestimation of respiration during the terminal stage of 
grain filling are also obvious reasons for smaller computed than observed 
quantities of WSC near maturity. . 
Carbohydrate analyses were not available from the 1978 winter wheat crops. 
However, for the nitrogen treatments 0+40+40 kg-ha and 40+40+40 kg-ha" 
the patterns and the amount of change of the dry weight of stems and leaf 
sheaths (Ellen & Spiertz, 1980) corresponded reasonably well with the com-
puted change in reserve levels (data not shown). In the nitrogen treatment 
0+0+0 kg-ha" , simulated temporarily storage of carbohydrates was somewhat 
greater than could be inferred from the changes in stem dry weight. This 
overestimation of carbohydrate accumulation during the first half of the 
grain-filling stage resulted in the overestimation of grain growth near 
maturity (Fig. 36). 
Apparently the goodness of fit between simulated and observed crop per-
formance depends among other things on the value inserted for the initial 
photosynthetic capacity, AMAXI, since appropriate values were different for 















10 30 50 
days after anthesis 
Fig. 39. Observed (a) and simulated ( ) amounts of water-soluble carbo-
-2 hydrates (g-m" ) in the 1977 spring wheat crop (Expt VB). 
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both years. To illustrate the sensitivity of the model for the value assigned 
to AMAXI, results of runs were incorporated in Fig. 38 with AMAXI equal to 
2.0 and 2.5 g CO,-m-2-h"1, respectively. It appeared that no crop attributes 
were affected by these changes in AMAXI except the accumulation of carbohy-
drates in the grains during the last two weeks of the grain-filling period. 
Altering the value of AMAXI by 10% led to a change in the grain dry matter 
yield of about 7%. 
If in simulations the choice of a value for AMAXI is limited to the range 
2.0-2.5 g CO.-m"2^"1 model predictions will generally be satisfactory, 
since the difference between computed grain dry matter yield for these two 
extreme values for AMAXI hardly exceeds the error of yield measurements. 
However, the range of possible values for AMAXI seems to be wider, as a 
value of 1.5 g CO,-m"2-h"1 was appropriate for the 1978 winter wheat crops. 
This figure led to an unacceptable underestimation of grain dry matter 
yield by 23%, when applied in a simulation of the 1977 spring wheat crop 
(data not shown). 
The difference in appropriate values for AMAXI between the 1977 spring 
wheat crop and the 1978 winter wheat crops can be made plausible to some 
extent when the following facts are considered: The fraction leaf blades 
of the initial crop dry weight was 0.20 in the spring wheat crop and close 
to 0.15 for all winter wheat crops (with no clear differences in specific 
leaf area). If typical AMAX values were higher for leaf blades than for 
other green parts (and if leaf blades intercept on average more radiation 
per unit area than other green tissue) a higher value for the mean photosyn-
thetic capacity of all green tissue seems not unreasonable for the 1977 crop. 
Some indication for different AMAX values for different green parts of the 
wheat plant at anthesis can be derived from the work of Puckridge (1972; see 
also Austin et al., 1976). 
The regression equation relating the number of kernels per square metre 
to crop dry weight at anthesis gave rise to an accurate assessment of the 
number of kernels per square meter of.all four crops tested (data not shown). 
The results of simulations apparently depend on the values assigned to the 
potential accumulation rates of carbohydrates and proteins per grain, as 
appropriate values differed between the 1977 spring wheat crop and the 1978 
winter wheat crops. The values of these parameters are affected by genotype 
and possibly by environmental factors during the period of formation of 
generative structures, as shown and discussed in previous chapters. To indi-
cate the sensitivity of the model for the values assigned to the potential 
accumulation rates per grain of carbohydrates and proteins (POTRCH and 
POTRPR, respectively) it is noted that an increase in the values of these 
parameters by 10% led to a decrease in computed grain dry matter yield of 
about 6%, whilst the decreases in the total amount of nitrogen and gram 
nitrogen yield were less than 1%. Computed attributes were increased to the 
same extent when the values of POTRCH and POTRPR were diminished with 10/o. 
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However at mid-kernel filling, grain dry matter and nitrogen yields were 
higher with higher values of the accumulation rates. Moderate changes in 
the values assigned to the potential accumulation rates thus primarily af-
fect the pattern of growth, rather than the final result, especially with 
respect to attributes of the nitrogen economy. 
In conclusion it can be stated that the simulation model enabled the car-
bohydrate and nitrogen economies of several crops to be satisfactorily re-
produced. In order to arrive at a good agreement between observed and com-
puted patterns of growth, only three parameters of the model needed adjust-
ment between the two seasons, viz. the (initial) photosynthetic capacity per 
unit green area at saturating irradiance and the potential accumulation 
rates per grain for carbohydrates and proteins. Although the latter two 
parameters are determined to some extent by genotype and pre-floral history, 
it is felt that for prospective applications the precision of the model 
would benefit from a more detailed or more reliable treatment of the poten-
tial accumulation rates per square metre (as composed of rates per grain 
times number of grains per square metre). Some refinement in the determina-
tion of gross photosynthesis rates seems desirable as well. 
5.3 APPLICATIONS OF THE SIMULATION MODEL 
5.3.1 Effects of temperature and radiation on grain yield 
Grain yield is affected by conditions of temperature and radiation (Chap-
ters 3 and 4). The simulation model was employed to quantify and further il-
lustrate these effects for two crops, of which post-floral performance was 
simulated well. The first crop selected was a winter wheat crop grown at 
Wageningen in the season 1977/1978: viz. treatment 0+40+40 kg nitrogen sup-
plied per ha, described by Ellen & Spiertz (1980) (see also Section 5.2). 
The second reference crop selected was a spring wheat crop grown at Wageningen 
in 1977; this crop is described in previous chapters as Expt VB. Simulation 
runs were made supposing that on each day during the grain-filling period 
mean daily temperature was lower than recorded values by 1°C, equal to recor-
ded values and higher than recorded values by 1°C, 2°C and 3°C. Likewise, 
the daily quantity of incident photosynthetically active radiation (PhAR) 
was assumed to have been smaller than recorded values by 100 J-cm , equal 
to recorded values, and greater than recorded values bv 100, 200 and 
- 2 - 1 
300 J-cm -day . Simulations were made for all combinations of the five 
radiation and temperature 'levels'. The computed grain dry matter yields 
and the nitrogen concentrations in the grains at maturity are shown for all 
combinations of temperature and radiation by Figs 40a and 40b, respectively; 
the winter wheat crop 0+40+40 kg N-ha-1 is the reference crop. 
Grain yields increased in response to increase in daily radiation and de-
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Fig. 40. Computed e f f e c t s ^ changes in temperature and r a d i a t e o n 
(a! grain dry-natter yield, GRAINY (g-nf2) and (b) ~**^°°™££™ 
of grain dry-matter at maturity, NCG, (mg N-g W " ^ / ^ ^ ^ L 
at 9 days after anthesis of winter wheat treatment 0+40*4 *gH-b. ^ „ 
^ •;„„„+• nius 1978 records of daily mean tempe 
* Spiert*, 1980) were -ed as - p u ^ ^ ^ ^
 w e r e m a d e in 
rature and daily « ^ t a « ^ ^ ^ u t s were altered as follows: mean 
which daily temperature and radiation m p
 v a l u e s bv 1°C, 
daily temperatures were assumed to be smaller 
egual to recorded values, and greater than ~ ^ £ Z £ £ ^
 b y 
daily radiation totals were assumed to be smaller th« «cord 
100 Lm-l-d-1 (PhAR) <•>. egual to recorded values (A), greater t 
-2 A'1 (V\ bv 200 J'cm -d (Q) ana vy 
corded values by 100 J-cm -d (v>, y recorded temperatu-
-2 -1 > „ -i m- r-RAiNY and NCG for actually recoraea u v J-cm -d (0). Values for GKAIWI aw 
res and radiation are encircled. 
tween • levels- of radiation and temperature were absent At e _ 
radiation the average yield reduction per ^ J * « ^ ™
 as a refer-
ture was 30 g-nf2. simulations with the 1977 spring ^ ^
 tempera_ 
ence crop revealed a yield reduction per 
ture of 3S g."2 when daily ™ ^ J F ^ ^ Z . added to each 
corded values by 100 J-cm , and « g figures compare favour-
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ably with results of the ^ " ^ ^ m erature — * * * » ~ 
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 d u r i n g 
35 and 45 g.m-2 in Expt II (treatments grown at 15 C, 
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grain filling) and to 20 g-m-2 in Expt IV (treatments at 16°C and 22°C). 
Expressed as a percentage, grain yield can be expected to drop by 4-8% per 
degree rise in temperature if radiation remains unaltered. 
Increase in radiation counteracted the adverse effect of rise in tempe-
rature on grain yield. In order to maintain a certain yield level, an in-
crease in daily PhAR by 150-180 J-cm would seem to be required per degree 
centigrade rise in temperature for the 1978 winter wheat crop (Fig. 40a). 
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The corresponding figure for the 1977 spring wheat crop is 125-135 J-cm 
•d . At each temperature 'level' final grain yield of the winter wheat crop 
increased by about 18 g-m"2 per 100 J-cm"2-d_1 additional PhAR; for the 
spring wheat crop the increase was 28 g-m~ . It is worthwhile noting that 
the higher yields with more radiation were achieved during the last weeks 
of grain filling. During that stage, crops ran earlier out of carbohydrates 
the lower the radiation 'level'. The behaviour of the model in response to 
change in daily radiation totals was in fact similar to its behaviour in 
response to change in the value inserted for the photosynthetic capacity 
(Fig. 38). 
Effects of changes in temperature and radiation on the nitrogen economy 
were very small, simulated values for grain nitrogen yield, NGRY, and the 
total amount of nitrogen in the shoot at maturity, TOTNIT, declined somewhat 
in response to increase in temperature for the 1978 winter wheat reference 
crop. Changes in radiation did not affect TOTNIT at all, whilst NGRY was 
slightly enhanced by radiation at the lowest temperature 'level'. Conse-
quently, values for the harvest index for nitrogen, HIN, were rather stable. 
The smallest and greatest values of the array of 25 combinations of tempe-
rature and radiation conditions were: 12.37 and 12.91 g N-m"2 respectively 
for TOTNIT, 9.27 and 10.05 g N-m"2 for NGRY, and 0.779 and 0.749 for HIN. 
Since NGRY was hardly affected by changes in temperature and radiation 
the variation in the concentration of nitrogen grains at maturity, shown 
in Fig. 40b, was mainly brought about by the effects of these environ-
mental factors on carbohydrate accumulation in the grains. Simulated respon-
ses of the nitrogen regime of the 1977 spring wheat crop to changes in tempe-
rature and radiation were basically similar to, but even smaller than, those 
described for the 1978 winter wheat crop. 
In order to underline the computed effects of temperature and radiation 
on grain yield it is noted that simulations with fixed temperatures (rang-
ing between 13°C and 21°C) in combination with fixed radiation levels 
(650-1050 J-cm -d" PhAR) gave similar values for the yield reduction per 
degree centigrade rise in temperature and for the amount of extra radiation 
required to compensate for the adverse effects of rise in temperature. Last-
ly, it is interesting to note that a picture essentially similar to Fig- 40a 
can be constructed from the data of Spiertz (1977, Table 3) on the effects 
of temperature and radiation on final grain yield per ear. 
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5.3.2 Effects of the nitrogen content at the beginning of grain filling on 
post-floral growth 
Simulation runs were made to study the effects on crop performance of 
varying the amount of nitrogen present in the shoot at the beginning o ^ 
grain filling. Crop characteristics of nitrogen treatment 0+40+40 kg-ha 
(Ellen & Spiertz, 1980) at 9 days after anthesis were given as input plus 
recorded conditions of temperature and radiation in 1978. However the amount 
of nitrogen present in ear structures (chaff and rachis), leaf blades and 
stems and sheaths at the beginning of grain filling ( « T D was varied 
covering the range 6.6 to 15.6 g N-nf2. The value of NCNTI for the reference 
crop was 8.6 g N-nf2. The amount of dry matter initially present was not 
varied and thus the weighted mean initial nitrogen concentration^« the dry 
matter of shoot organs (=NCSI) varied between 7.3 and 17.4 mg-g . 
Computed effects on crop performance are summarized by Fig. 41 showing 
grain dry matter yield (GRAINY), the final concentration>ofi^« » ^ 
grains (NCC), the harvest index for nitrogen (HIN) an £ ot — f 
nitrogen in the shoot at maturity (including grains) (T°1IUi'
 m a r k e d l v 
of NCNTI and HCSI. At small values for NCNTI grain yield ^ ° ^ J ^ 
to additional nitrogen. As initial amounts of -trogen were higher 
yield increased about proportionally: between 8.6 and 12: 6, g H » grain 
yield increased by about 22 g-m"2 per unit a g o n a l
 a r en^At 
very high values of NCNTI the response levelled off. Grairï 
particular reference crop might have been higher by one tonne per ha f ts 
initial nitrogen content would have been twice the value actua y me ured. 
Yield advantage due to more nitrogen was achieved during f ^ ™ * 
the grain-filling period and was the result of d é l a y e ^ " ^
 ss 
The nitrogen concentration in the grains at maturity was ^ 
curvilinearly related to the initial nitrogen content of the s h . 
tal amount of nitrogen taken up by the above-ground c r o p a ^ ^ ' ^ 
was fairly directly related to the initial amoun of ^ f
 >38 M. 
ted value for the amount of ^ - ^ ^ ^ 4 - " - « ' 
I ; * " : T ^ X S ^ * - i " . i g - initial nitrogen con-
tentS
' , ,
 o f residual nitrogen in ear structures, leaf 
The computed total amount of resiauai ? ., nitrogen. At ni-
blades, and stems and sheaths increased with more initia nitr g 
trogen levels of 6.6 g-m"2 the ^ - ^ ™ V * - and rose 
this figure increased to 3.20 g-m for HCHT gu ^ _  ^  ^ ^ 
rapidly with more initial nitrogen, attaining 
NCNTI equal to 15.6 g-m"2. abolically related to the initial 
The harvest index for nitrogen^was pa ^ ^ ^ ^
 becaufie 
amount of nitrogen. For small M - H H ^ residual nitrogen in non-







































10.6 12.6 K ß 16.6 NCNTI 
11.8 14.0 16.2 185 NCSI 
Fig. 41. Computed effects of the initial amount and concentration of nitro-
gen in the shoots at the beginning of grain filling (NCNTI in g N-m and 
NSCI in mg N-g" DM, respectively) on: grain dry matter yield, GRAINY 
—2 
(0, g-m ), the nitrogen concentration in gram dry matter at maturity, 
NCG ( + , mg N-g_1DM), the harvest index for nitrogen, HIN (A), and the 
_2 
amount of N present in the shoot at maturity, TOTNIT (o, g N-m ). 
Initial crop dry weight and weather data (treatment 0+40+40 kg N-ha" , 
season 1977/1978, Wageningen; data from Ellen & Spiertz, 1980) remained 
constant in all simulation runs. 
grain shoot organs at maturity. As the initial amount of nitrogen further 
increased, this situation reversed, leading to a decline in HIN above 
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11.6 g-m initial nitrogen. 
5.3.3 Growth efficiency for absorbed radiation 
In a third application the simulation model was employed to calculate 
the growth efficiency for adsorbed photosynthetically active radiation 
(PhAR). The method, described by Gallagher & Biscoe (1978) was used to 
derive the required values. These authors derived absorbed PhAR from inci-
dent PhAR by multiplication with a reduction coefficient (FP) related to 
the total green area index (LAI): 
136 
FP = (l-EXP(0.9xkxLAI))/l.ll 
where k is an extinction coefficient equal to 0.44 for temperate cereals. 
For wheat and barley these workers reported a typical value of 3 gram dry 
matter produced per megaJoule absorbed PhAR during the period between seed-
ling emergence and ear emergence. Averaged over the whole growing season 
(thus including the post-floral stage) this figure dropped to values of 
about 2.2 g DM-MJ-1. 
For the 1978 winter wheat crop (treatment 0+40+40 kg N-ha" , Ellen & 
Spiertz, 1980) and for the 1977 spring wheat crop (Expt VB of the present 
series) growth efficiency for absorbed radiation ranged between 1.8 and 
3.0 g DM-MJ- during most of the grain-filling period when computed on a 
daily basis. Averaged over the whole grain-filling period 1.50 and 1.75 g 
DM-MJ- absorbed PhAR.were produced by the winter wheat crop and the spring 
wheat crop, respectively. It should be remembered that these figures also 
apply to the actual crops, since observed and simulated patterns of growth 
matched well. With both reference crops, growth efficiency for absorbed ra-
diation decreased somewhat at increasing 'levels' of radiation and tempera-
ture (Subsection 5.3.2). Growth efficiencies for absorbed PhAR between about 
1.4 and 1.9 g DM-MJ-1 for the grain-filling stage alone are not unlikely, 
considering the figures quoted from Gallagher & Biscoe (1978). 
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Summary 
Effects of temperature and of nitrogen supply on post-floral growth of 
wheat (Triticum aestivum L. ) were studied in a series of experiments. Dif-
ferent temperature treatments were applied in three experiments from one 
week after anthesis onwards. In two of these experiments, plants were grown 
on nutrient culture (hydroponics) in a phytotron. In a third experiment with 
temperature treatments plants were raised in pots in a greenhouse; three 
levels of nitrogen supply were imposed in this experiment. In two other ex-
periments on variation in nitrogen supply, plants were also grown in pots; 
in one experiment pots were placed outdoors, while the other experiment was 
conducted under controlled environmental conditions in a phytotron. Varia-
tions in nitrogen dressings were started at growth stages Feekes 6 to 7. 
One experiment consisted of observations in a field crop under normal agricu 
tural management. 
Observations included analyses of growth and recordings of respiration 
rates per organ and of apparent photosynthesis per plant. Furthermore, the 
mass fractions of total nitrogen, water-soluble carbohydrates, starch 
(grains only), and cell wall constituents were determined. 
Temperature enhanced the transition from the lag stage to the linear stage 
of grain growth. The grain growth rate during the linear stage was generally 
enhanced by higher temperature, but warmth shortened the duration of the 
grain-filling period. Analyses of the present data and that of the lite-
rature revealed a continuous decline in Q 1 Q for potential grain growth rate 
during the linear stage against increase in temperature. Computations with 
data from various sources indicated that the impact of temperature on the 
duration of the grain-filling period in cereals can be approximated by both 
a log-linear relationship between duration and temperature and by a heat 
sum above a minimum temperature. In two of the three experiments grain ni-
trogen yield was similar between temperature treatments. This implies that 
in these cases the shorter duration of deposition of grain proteins was ful-
ly compensated by a faster rate at higher temperatures. In the other experi-
ment, grain nitrogen yield decreased for an increase in temperature. 
In two of the three experiments variation in nitrogen dressings did not 
lead to differences at anthesis in dry weight per plant, and it gave only 
small yield differences. The nitrogen contents of vegetative organs and leaf 
area durations increased with increase of nitrogen in dressings. In the tbir 
experiment, dry weights per organ, as well as nitrogen contents and final 
yield, were higher for higher nitrogen dressing rates. Nitrogen treatments 
did not affect the duration of grain filling. 
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Temperature drastically influenced the carbohydrate economy. Water-soluble 
carbohydrates (WSC) did not accumulate in stems at high temperatures, or they 
metabolized rapidly if present in plants subjected to higher temperatures 
There was a tendency towards higher WSC concentrations at lower levels of 
nitrogen nutrition. As the experiments progressed, WSC accumulated in roots, 
especially in nutrient culture experiments; in an extreme case the WSC con-
tent amounted to 380 mg-g"1 root dry matter at ear maturity. ^ 
The relative contribution of component shoot parts to the total amount 
of nitrogen removed from the shoot during the grain-filling period was pre-
determined by the initial distribution of nitrogen over ^ese organs at 
anthesis. Post-floral uptake of nitrogen tended to be 
a smaller weighted-mean concentration of nitrogen in shoot dry matter 
" ' d r y matter at anthesis was distributed in fairly fixed proportions 
over ear structures (chaff and rachis), leaf blades, and « " » J ^ f » ^ 
Regression equations on plant attributes, measured around anthesis were 
calculated from data of experiments conducted at the » » ^ ^ ^ J 
Station Harpenden. Analyses of these and other data ^ ^ / ^ ' . ^ 
association between the number of grains per square -tre and the aerie mass 
of the vegetation. Furthermore, grain yield was " « ^ " * ^ j £ 
weight of the crop at anthesis and with the number of grains per square 
aspiration rates per organ (ears, leaf blades, stems ^  ^ ^ _ 
and roots) followed distinct patterns of change m tim Le b ad^r sp 
tion was closely associated with green area. Averaged_over 1 observa ^ 
leaf blade respiration was 68 mg CCym green area-h at^16 C. D 9 
of the grain-filling period respiration - ^ tcwLn aver-
rather stable and amounted to 0.47 mg CCyg (DM-WSC),h • 
aged over all observations. Shortly after anthesis I T ^ " ^ Specific 
for pot-grown plants amounted to 1.16 mg CO -g DH-h at^16 ' 
root respiration rates were about twice as high in.plants»grow 
culture (hydroponics). Bar respiration rate w a s ^ ^ ^ ^ ^ 
growth rate: each additional gram of gr ^ a t t e r ^ ^ ^ ^ ^ 
release of 0.24 gram carbon dioxide. Reiat counted to 10-19 
The te.perature coefficient for ™*\"™'t£°mg M „„en calculated 
- » t.„. .„* - - - - P t - b ° „ -„;\:„ p e r a tL. .» tKoee «xpe,i-
between treatments at different, DU -intact on dry weight and 
ments where variation in nitrogen ' ^ ^ ^ ^ ^ Parted to 
green area per plant at anthesis, total plant „-"P£
 l e a f 
diverge when nitrogen treatments began to affect 
area. 
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Comparisons were made between observed respiration rates and rates 
calculated by applying the respiration coefficients for various processes 
estimated from biochemical data by Penning de Vries and others (Penning de 
Vries et al., 1974; Penning de Vries, 1975a,b; de Wit et al., 1978). 
Observed and calculated growth respiration rates of ears matched closely. 
In non-growing vegetative organs, the ratios between observed and calculated 
respiration (predominantly due to transport and maintenance) ranged from 
1.3 to 1.0 for leaf blades, from 6 to 3 for roots, and were rather consis-
tently 2 for stems and sheaths. 
Apparent photosynthesis was not clearly affected by rise in temperature 
in the range 15-22°C. Differences between temperature treatments in apparent 
photosynthesis, which emerged in the long term, were attributable to treat-
ment effects on the rate of leaf senescence. Nitrogen effects on photosyn-
thesis per plant were due to treatment effects on foliar senescence. 
A dynamic simulation model was constructed of the grain-filling phase of 
wheat. The model describes and interrelates gross photosynthesis, respira-
tion, the accumulation of carbohydrates and proteins in the grains, redis-
tribution and additional uptake of nitrogen, and leaf senescence, all of 
which depend on the state of the crop at anthesis and conditions of radia-
tion and temperature afterwards. The model was able to reproduce satisfac-
torily attributes of post-floral growth of the four crops tested. The sen-
sitivity of the model for the values of some parameters is discussed. Under 
otherwise similar conditions, grain dry-matter yield was predicted to be 
smaller by 30-40 g-m" per degree centigrade rise in temperature during the 
grain-filling period. A concomitant increase in radiation by 130-180 
-2 -1 
J«cm >d (PhAR) could nullify this adverse effect of temperature. Model 
calculations showed little effects of changes in temperature and radiation 
on grain nitrogen yield. A saturation type of response curve was predicted 
for grain dry-matter yield and for final grain nitrogen concentration ver-
sus initial nitrogen content of the crop at anthesis. 
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Samenvatting 
Deze studie behandelt de effecten van de temperatuur en van stikstof-
voorziening op de groei van tarwe (Triticum aestivum L.) na de bloei. In 
drie proeven werden verschillende temperaturen ingesteld vanaf een week na 
de bloei. In twee van deze proeven werden de planten in een fytotron ge-
kweekt op voedingsoplossing. Bij een derde proef met variatie in temperatuur 
werden de planten in potten in een kas gekweekt; in deze proef werden even-
eens drie niveaus van stikstofbemesting aangebracht. Bij twee andere proeven 
met variatie in stikstofvoorziening werden de planten eveneens in potten ge-
kweekt; bij de ene proef werden de potten buiten opgesteld, bij de andere in 
een fytotron. In de laatstgenoemde proef werden tijdens de korrelvullingspe-
riode gedurende korte periodes variaties aangebracht in de temperatuur en 
in het lichtniveau. In alle proeven met verschillen in de stikstofbemesting 
werden de behandelingen begonnen bij groeistadium Feekes 6 tot 7. Eén proef 
bestond uit het verrichten van waarnemingen in een veldgewas met een gangba-
re teeltverzorging. 
Met ^ regelmatige tijdsintervallen werden gewasanalyses uitgevoerd, met 
name bepalingen van vers- en drooggewicht per orgaan en van het groene blad-
oppervlak. Ook werden ademhalingssnelheden per orgaan en netto fotosynthese-
snelheden per plant gemeten. Daarnaast werden de concentraties in de droge 
stof bepaald van totaal-stikstof, wateroplosbare koolhydraten, zetmeel (al-
leen in korrelmateriaal) en van celwandbestanddelen. 
De overgang van de aanloopfase met geringe korrelgroeisnelheid naar de 
fase met nagenoeg constante korrelgroeisnelheid (de lineaire fase) vond bij 
hogere temperaturen vervroegd plaats. De korrelgroeisnelheid gedurende de 
lineaire fase was in het algemeen groter bij hogere temperatuur, terwijl 
warmte de lengte van de korrelvullingsperiode bekortte. Uit.analyses van de 
huidige gegevens en van literatuurgegevens bleek, dat de temperatuursver-
snelling van de hoogst bereikbare korrelgroeisnelheid voortdurend afneemt 
bij stijging van temperatuur. Uit berekeningen met gegevens van verschei-
dene auteurs bleek tevens, dat bij granen het temperatuurseffect op de duur 
van de korrelvullingsperiode beschreven kan worden door een log-lineair 
verband tussen de duur en de temperatuur alsook door een warmtesom boven 
een minimumtemperatuur. 
In twee van de drie proeven met verschillende temperatuursbehandelingen 
werd de eindopbrengst aan stikstof in de korrels niet door de temperatuur 
beïnvloed; dit houdt in, dat in deze proeven bij hogere temperatuur het na-
delige effect van een kortere groeiduur op de stikstofopbrengst werd goed-
gemaakt door een hogere snelheid van stikstofophoping in de korrels. Echter, 
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in een derde proef nam de stikstofopbrengst in de korrels af naarmate de 
temperatuur hoger was. 
In twee van de drie proeven met verschil in stikstofbemesting leidden 
deze behandelingen niet tot verschillen in drooggewicht per plant bij de 
bloei en tot slechts geringe verschillen in opbrengst, terwijl de stikstof-
inhoud van de plant en het produkt van groen oppervlak en tijd groter waren 
bij hogere stikstofgift. In een derde experiment met stikstoftrappen waren 
echter bij de bloei en ook later de drooggewichten van de diverse organen 
zwaarder en waren hun stikstofinhouden en de opbrengst groter bij meer 
stikstof. Verschillen in stikstofbemesting hadden geen invloed op de duur 
van de korrelvullingsperiode. 
De koolhydraathuishouding werd drastisch door de temperatuur beïnvloed 
bij alle proeven met variatie in temperatuur. Bij hogere temperatuur vond 
geen ophoping plaats van in water oplosbare koolhydraten (WOK), terwijl de 
op het moment van verhoging van de temperatuur eventueel reeds aanwezige 
koolhydraten met grote snelheid werden verbruikt. 
Bij proeven met verschillende stikstofgift was er een tendens waarneem-
baar naar hogere WOK-concentraties bij lagere stikstofgift. Naarmate plan-
ten ouder werden namen de WOK-concentraties in de wortels toe, vooral bij 
planten die op een waterculture gekweekt werden. De hoogste waarde bedroeg 
380 mg WOK per g droogwortelgewicht bij rijpheid van de plant. 
Van de stikstof, die bij rijpheid in de bovengrondse delen werd aange-
troffen, was reeds 60 tot 85% in de plant aanwezig bij de bloei. De stik-
stofopname van de plant na de bloei bleek relatief groter te zijn naarmate 
de gewogen gemiddelde stikstofconcentratie in de droge-stof van de halm bij 
de bloei lager was. Van alle stikstof in de bovengrondse delen bevond zich 
bij rijpheid 60 tot 80% in de korrels. Gedurende de korrelvullingsfase vond 
er dus in belangrijke mate herverdeling van stikstof plaats. De relatieve 
bijdrage die de samenstellende delen van de halm (kaf plus aarspil, blad-
schijven en stengels plus bladscheden) leverden aan de hoeveelheid stikstof, 
die uit de halm als totaal naar de korrels werd getransporteerd, bleek nume-
riek gelijk te zijn aan de relatieve stikstofverdeling over deze organen bij 
de bloei. 
De verdeling van de droge-stof bij de bloei over kaf plus aarspil, 
bladschijven en stengels plus bladscheden bleek bij de verschillende proe-
ven en behandelingen nagenoeg constant te zijn. De betrekkingen tussen ge-
wichten en andere kenmerken van samenstellende delen van de plant bij de 
bloei werden berekend uit gegevens van proeven die zijn uitgevoerd op het 
Rothamsted Experimental Station te Harpenden in Engeland (dr. G.N. Thorne, 
pers. meded.; zie ook Pearman et al., 1977 en 1978a). Uit analyses van ge-
gevens van verschillende door anderen uitgevoerde proeven bleek een vrij 
sterke samenhang te bestaan tussen het aantal korrels per m2 en het droog-
gewicht van het gewas bij de bloei (in g-m2). De korrelopbrengst bleek in 
sterke mate samen te hangen met het aantal korrels per m2; ook waren de kor-
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relopbrengst en het drooggewicht van het gewas bij de bloei in vrij sterke 
mate gecorreleerd. Een en ander leidt tot de slotsom, dat een goede ontwik-
keling van het gewas bij de bloei nodig is om hoge opbrengstverwachtingen 
te rechtvaardigen. 
Met regelmatige intervallen werden de ademhalingssnelheden van aren, 
bladschijven, bladscheden plus stengels en van wortels apart gemeten. In 
alle organen bleek de verandering van de ademhalingssnelheid in de tijd 
volgens een vrij vast patroon te verlopen. De ademhaling van bladeren bleek 
nauw samen te hangen met hun groene oppervlak. Gemiddeld over alle waarne-
mingen bedroeg de ademhalingssnelheid van bladschijven bij 16°C 68 mg 
-2 -1 
C02-m groen oppervlak-h . Gedurende het grootste deel van de korrel-
vullingsperiode ' was de ademhalingssnelheid van stengels plus bladscheden 
vrij stabiel en bedroeg gemiddeld 0,47 mg CO-'g" DS minus WOK per uur bij 
16°C (DS = droge-stof). Kort na de bloei bedroeg de ademhalingssnelheid van 
wortels van planten die in potten werden gekweekt bij 16°C gemiddeld 1,16 
mg C02-g~ DS-h~ : bij wortels van planten die op een waterculture werden 
gekweekt lag dit cijfer ongeveer tweemaal zo hoog. De ademhalingssnelheid 
van de aar nam toe met zijn groeisnelheid; per gram toename in korrelgewicht 
ontwijkt er 0,24 g CO,. Betrokken op het droge aargewicht bij het begin van 
-1 de korrelvulling bedroeg de onderhoudsademhaling van aren 15-19 mg CO,«g 
aanvankelijk drooggewicht per dag. Dit cijfer heeft betrekking op het groot-
ste deel van de korrelvullingsperiode; gedurende een korte periode na de 
bloei werd een ongeveer tweemaal zo hoge waarde gevonden. 
De temperatuurscoëfficiënt van de ademhaling, de Q10; bedroeg gemid-
deld 2,2. Bij berekening van de O,, tussen behandelingen met constante, 
doch verschillende temperatuur, werd op langere termijn in bladeren en 
stengels plus bladscheden een waarde van 1,4 gevonden. In proeven met ver-
schillende stikstofbemestingen, waar deze behandelingen niet tot verschil-
len leidden in drooggewicht per plant bij de bloei, werden de verschillen 
in ademhalingssnelheid van de totale plant pas van betekenis nadat een stik-
stof effect op de afstervingssnelheid van de bladeren was opgetreden. 
Penning de Vries en medewerkers (Penning de Vries et al., 1974; Penning 
de Vries, 1975a, b; Penning de Vries & van Laar, 1977; de Wit et al., 1978) 
maakten berekeningen van de koolzuurontwikkeling die optreedt bij de opbouw, 
de afbraak en het transport van plantaardige bestanddelen per eenheid van 
gewicht; ook gaven zij schattingen van coëfficiënten ter berekening van de 
onderhoudsademhaling van de plant. Met behulp van deze coëfficiënten werden 
berekeningen gemaakt van de te verwachten ademhalingssnelheden in de huidi-
ge proeven. Vergelijkingen met gemeten waarden leerde dat de gemeten- en de 
berekende groeiademhaling van de aren nauw overeen kwamen. In niet-groeiende 
vegetatieve organen bewoog het verhoudingsgetal tussen gemeten en berekende 
ademhalingsnelheid zich tussen 1,3 en 1,0 bij bladschijven en tussen 6 en 3 
bij wortels, terwijl de gemeten ademhalingssnelheid van stengels en blad-
scheden meestal tweemaal zo groot was als de berekende snelheid. 
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De netto fotosynthesesnelheid per plant werd niet duidelijk beïnvloed 
door verhoging van de temperatuur in het traject tussen ongeveer 15°C en 
22°C. De verschillen in fotosynthesesnelheid, die op den duur optraden tus-
sen planten met verschillend temperatuursregime, konden worden toegeschre-
ven aan het effect van de temperatuur op de bladveroudering. Stikstofeffec-
ten op de fotosynthesesnelheid per plant traden eveneens pas op toen behan-
delingseffecten op de bladafsterving zichtbaar werden. 
Er werd een dynamisch simulatiemodel gemaakt van de korrelvullingsfase 
van tarwe. Het model beschrijft in hun onderlinge samenhang de bruto foto-
synthese, de ademhaling, de ophoping van koolhydraten en van eiwitten in de 
korrels, de herverdeling en de opname van stikstof en de bladveroudering in 
afhankelijkheid van de staat van het gewas bij de bloei en van de dagelijkse 
hoeveelheid straling en de dagelijkse gemiddelde temperatuur daarna. Het 
model bleek in staat te zijn het groeiverloop gedurende de korrelvullings-
fase van vier gewassen, waarvan metingen bekend waren, op bevredigende 
wijze na te kunnen rekenen. Volgens berekeningen met het model neemt onder 
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overigens gelijke omstandigheden de korrelopbrengst met 30-40 g-m af bij 
stijging van de temperatuur met 1°C gedurende de korrelvullingsfase. Dit 
nadelige effect van de temperatuur kan worden opgeheven wanneer tegelijker-
tijd de fotosynthetisch actieve straling met 130-180 J-cm"2-d-1 toeneemt. Vol-
gens modelberekeningen wordt de stikstofopbrengst van de korrels weinig be-
ïnvloed door schommelingen in temperatuur en straling. Onder overigens ge-
lijke omstandigheden neemt de berekende korrelopbrengst eerst evenredig toe 
bij toename van de stikstofconcentratie in de plant bij de bloei, doch bij 
hoge aanvankelijke stikstofconcentratie neemt de berekende respons van de 
korrelopbrengst sterk af; eenzelfde afnemende respons werd berekend voor de 
stikstofconcentratie in de korrels bij rijpheid. 
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Appendix D. Respiration rates from all experiments and treatments. 
Respiration rates of separate organs and of total plant (mg CO„.h ) Experiment Days 
and after 
treatment anthesis Ear Leaf Stem and Side Root Total 
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